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Airships usually have low cruising speed due to their large volume and high drag level.
This makes the aerodynamic design of the vehicle, including the surfaces shape, the length-
to-diameter ratio and the position of the fins, all very important. Furthermore, an important
parameter in the vehicle aerodynamic drag is determining the flow separation area at the
rear of the air vehicle. The flow separation plays an essential role in the amount of drag
and lift force, so the location of the fins and the design of the rear of the airship will be very
important. By using both analytical and numerical methods, this study examines the
aerodynamic efficiency of an airship in three different configurations, focusing on the
location, type, and angle of attack of the fin, and compares analytical and numerical results.
According to studies conducted among the types of fins, the cross-type will have the best
performance among the fins in terms of lift-drag ratio. Also, moving the fins forward and
distancing them from the rear of the vehicle disrupts the flow pattern at the rear of the
vehicle and delays separation. This will improve aerodynamic efficiency and improve the
lifi-drag ratio of the vehicle.
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In this research, the relations are analytical and
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used [1]. The fluid flow solution on an airship may
seem simple in numerical form, but it has many
operational complexities. Due to its aerodynamic
shape and wide surface, the airship does not often
have sudden fractures and deformations on the
surface of the hull, and the surface changes in the
hull are gradual and with a specified pitch. This
causes the fluid flow to tend to laminar flow,
especially in the boundary layer. As a result, the
Reynolds number in airships is high due to the long
size, low speed, low altitude, and low speed, which
increases the tendency of the flow to be turbulent.
As a result, modeling and derivation of coefficients
and forces on the vehicle in a wind tunnel would
face some difficulties due to the high Reynolds
number. Furthermore, numerical solutions as an
engineering tool should be able to predict flow
patterns on vehicles. For this purpose, various
parameters such as length and diameter of the
vehicle will be important for the design team.
According to a numerical simulation in China,
increasing the vehicle length will increase the drag
force with Reynolds Averaged Navier-Stokes
(RANS). In fact, flow separation is a factor in
increasing the drag force, and this factor is directly
related to the length of the vehicle. In other words,
the flow separation manner and its location has a
direct effect on the amount of drag force, so length,
diameter and length-to-diameter ratio have a direct
effect on drag force due to changes in the separation
area. Various calculations have shown that flow
separation occurs at 70 to 80% of the vehicle length.
The later the separation occurs, the more laminar
flow the vehicle will experience on its hull, which
reduces the drag force. The flow lines around the
vehicle can be used to distinguish the transition
location from laminar to turbulent flow. This
method can provide an estimate of the separation
area (Figure 1).
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Figure 1- Visualization of the flow separation location
on the Airlander airship
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Examples of numerically solving fluid flow on the
hull of an airship are checked in order to calculate
aerodynamic forces including drag. In some of these
examples, the hull of the vehicle is assumed to be
rigid and the flow of fluid around the vehicle is
simulated by numerical methods (Figure 2). Fluid-
structure interactions have been seen in some cases,
but there is no need to consider them for calculating
fluid flow around the vehicle and forces and
coefficients. Also, due to the wide surface of the
vehicle, considering details such as fins and some jut
does not affect the calculation of the total drag force.

Figure 2 - Simulation of flow lines around an airship

Numerical solution of the flow around the airship
carries challenges such as observing the physical
phenomena of the flow. In one study, Kamal et al.
(2004 ) Conducted a numerical simulation around an
airship by using various turbulence flow models [3].
In this research, three turbulence flow models were
used to observe the types of vehicle solution
vortices. The results show that the VMS-LES model
has a better performance than the two models of K-
epsilon and large eddy simulation turbulent flow
model.

In another example, Shields et al. [4] From the
University of Virginia attempted to simulate a 1: 75
scaled version of an airship using numerical
methods and derived the corresponding coefficients.
The results of this study show that numerical
solution does not provide an accurate answer in the
calculation of lift force but can be effective for the
design and derivation phase of processes.

In another study, Voloshin et al. (2012), analyzed
three turbulence flow models on an airship using
numerical solution [5]. In this study, three models of
K-omega turbulence, K-epsilon and Spallart
Allmaram were used. The results show that the
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Spallart Allmaram turbulence flow model offers the
best results compared to other models in comparing
with experimental method.

In another study, Amelda et al. used a new solver to
evaluate the aerodynamic characteristics of an
airship [6]. This research, which has been done by
analytical and experimental solution, shows that the
separation of flow on the airship is important and has
an effect on the stability status and coefficients of
the vehicle. In addition, the effects of the dihedral
angle of the fins and the effect of the vertical tail on
the aerodynamics of the vehicle have been
investigated.

Experimental research in the field of airship has also
maintained its position. In China, for example, Ping
et al. used experimental solutions to calculate the
coefficients and aerodynamic forces of a ship on a
smaller scale in a wind tunnel. In this study,
coefficients and forces in different pitch and yaw
angles were measured and the results of this study
were compared with numerical solution [7].

A very important and key example has been found
in articles and researches that have been done on the
effects of fin shape and its location. This article,
published in 2015, examines the types of fins on a
fixed hull and the effects of changes in the type and
arrangement of the fins on the two coefficients of lift
and drag [8]. The results of this numerical solution
show that the cross-type fin has a better
aerodynamic performance than the two types of X-
type and Y-type, and the lift-drag ratio is optimal for
the cross-type in the same condition as other fin
types.

In 2019, Jefferson et al. tried to calculate the
coefficients and forces on the airship using
numerical methods [9]. The results of this study
show that numerical solution validation using
experimental results obtained from wind tunnels is
difficult, but this solution will be acceptable for the
initial phases and the initial design.

In the present paper, using two methods of
numerical and analytical solution, the fluid flow
around an airship in different configuration models
is solved and the results of these two solutions are
compared with each other. According to what was
believed, the results of the solution show that
numerical solution is more efficient than analytical
solution, and using numerical solution, the physics
of fluid flow and how the rear of the vehicle is
separated can be studied more thoroughly. We also
attempted to examine the flow physics in this area
with greater accuracy by analyzing the fluid flow
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behavior and the details of the flow around the
vehicle in this research.

Different configurations of vehicle

There are different parameters for modeling an
airship, but the most important parameter is the
volume of the ship's compartment. With this
parameter, other parameters of the airship can be
derived, such as the diameter of the hull, the length
of the hull, the angle of the surfaces, the location of
the fins and the external configuration generalities
configuration. In the present study, the volume of
the airship compartment is 27,000 m® and therefore
the dimensions of the ship can be estimated
approximately. For this purpose, three different
configurations have been considered for the ship, the
picture of these three variants is given in Figures 3,
4 and 5. It should also be noted that configuration
modeling has been done using Gambit software. The
difference between the configurations is in the
slenderness coefficient (length-to-diameter ratio),
fin length and location. Since the main purpose of
this research is to investigate the external
configuration, an attempt has been made to select
three configurations with different fin sizes. Also,
the type of fins of the vehicle rear, their number and
arrangement and the effects of these changes on the
flow pattern and various parameters will be
examined with these three configurations. It should
be noted that the gondola is not modeled in this
simulation and only the airship with the fin is
modeled.
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Figure 3 - Variant one
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Figure 4 - Variant two
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Figure S - Variant three

The governing equations

The equation solved in this research is a simplified
form of Navier-Stokes equations. The conservation
of mass equation or the continuity equation in the
tensor form is written as follows:

op O
L —(ou.)=S 1
o Tox, (pu;)=S, 1

The above equation is a general form of the
conservation of mass equation for compressible and
unstable flows. In the latter equation, the expression
Sy 1s also a mass source.
conservation of momentum equations in tensor
format are written as follows:

p

0 0 o7
— +—(uu,)=——"—+—L+ +F (2)
= (ou,) , (puu;) Y pg; +F

In that, ij = 1.2.3. ... and P is static pressure, tj; is
stress tensor, p gi and F; are gravitational physical
force and external physical force towards i. Fi can
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also be terms such as the porous medium model. For
example, stress tensor Tj is as follows:

g = S o Oh B 2 00
0 e, T, )| 3 e, 3)

That p is molecular viscosity and the second term on
the right is the impact of volumetric expansion.
Also, the general state of the energy equation is as
follows:

oE 20
CAVEV =25 _Vg+pBV +V.(7,V 4
ot ! ot L g ( y )

wherein:
o o
7, =—P3, +u[{%+%}~§5ﬂ ‘E’J] L ik=123
X X; OX,
yon) e (5)
also if i =j =6, =1 otherwise 6, =0
V 2
E, :p[€+7+P.E.+... (6)

E  is the total energy.

The expressions on the left of the energy equation
include the rate of increase of total energy per unit
volume and the rate of change as displacement in the
control volume. Meanwhile, the expressions on the
right side of the equation express the rate of heat
production per unit volume due to external factors,
the rate of heat changes per unit volume due to
leading in control surfaces, the work done by
volumetric body forces per unit volume and finally
the work done by the surface forces is on the control
volume per unit volume.

Fluid flow in the present problem is solved based on
the K-epsilon turbulence flow model. This model of
turbulence is able to provide suitable answers in
both subsonic and supersonic regimes near the wall
and free stream. Also, considering that the main
purpose of this paper is to calculate the coefficients
and forces, especially both drag and lift forces on the
vehicle, this model can lead to appropriate answers
[10]. Datcom software has also been used for
analytical solution. The basis of this software is
solving linear analytical equations [11]. The
equations solved in this software are analytical.
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Boundary conditions and flow solution

The flow solution for this airship occurred at an
altitude of 4 km above sea level and a cruising speed
of 40 km/h. Also, the maximum speed of the vehicle
is 72 km/h. Due to the fact that the flow is subsonic
and the maximum speed of the vehicle is 72 km/h,
in choosing the solution field, more attention should
be paid to the upstream flow. For this purpose, the
front of the solution field is ten times the model and
the back is considered the same value (Figure 6). For
all variations of flow, efforts have been made to
carefully observe these factors.

Figure 6- Side view of the flow field

Due to the fact that the vehicle configuration is
symmetrical, in order to reduce the computational
cost and flow solution time in modeling the airship,
the boundary condition of the symmetry boundary
condition has been used. For this purpose, the
airship is divided in half from the middle and the
middle plane of the symmetry boundary condition is
considered. For around the solution field, the flow
was first solved with a pressure far-field condition,
but due to the very low flow velocity during several
stages of solution and creating errors in the
calculations, it was determined that this boundary
condition is not suitable for the flow solution. And
with these boundary conditions, we will see the flow
back in and divergence of the solution. Therefore,
the solution field was divided into upstream and
downstream parts of the flow, and for the upstream
part, the pressure outlet boundary condition and for
the downstream part of the flow, the velocity inlet
limit condition was considered. Due to having the
flight condition of the ship, the inlet velocity of the
flow was considered 20 m/s for the boundary
condition of the entrance, and the altitude pressure
of 4 km was considered for the flight altitude from
the table of atmospheric conditions.
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Aerodynamic configuration design of airship

The aerodynamic analysis of the airship with the
approach of selecting the external configuration of
the vehicle includes different parts. To form the
external configuration of an airship, different parts
of different perspectives must be analyzed. As a
standard model for designing the exterior of an
airship based on aerodynamics, the four parts of the
design of body and nose, the design of fins and
surfaces, the design of tail group and the locating of
the engine are the main parts of the aerodynamic
configuration of the airship. Figure Y shows these
four parameters.

fins and
surfaces
design

locating of
the engine

Figure 7 - Aerodynamic design and configuration
framework

According to studies, slenderness coefficient is very
important in body design. This coefficient is a
function of aerodynamic shape and symmetry in
flow lines to reduce drag force is its most important
indicator. In the design of the airship, the
slenderness coefficient can be changed according to
the constant volume of gas inside the compartment,
and this coefficient will be selected according to the
requirements of the mission and with the approach
of reducing the aerodynamic drag force. An example
of this approach is given in Figure 8.
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Figure 8 - Fluid flow around an airship

In designing the tai group, considerations related to
flow vortices and reduction of drag force are of great
importance. Also, the stability of the vehicle in
maneuvers is one of the other important points in the
design of the tail group. Figure 9 shows the flow
vortices at the rear of the airship.

2.18e402
1 940-02.
1.710+02
1.48e402
1.25402
1.020402
7.88e+01
5560401
3250401
9360400
-1.38401
3.690+01
6.000+01
8326401
1.060+02
1290402
1.53¢+02

1.76e402)
Y 1.99¢+02)
z X 2220402
2450402

Jun 29, 2021
FLUENT 6.3 (3d, pbns, sstkw)

Contours of Pressure Coefficient

Figure 9 - velocity vector around an airship

Numerical solution results

One of the important parameters in aerodynamic
simulation is the pressure coefficient and its
distribution on the hull surface. By comparing the
pressure coefficient as a key parameter, the flow
pattern including the separation area can be
estimated. In variant number one, with three fins to
the conventional contour configuration, the pressure
coefficient for the three attack angles of 5 and 10
degrees is shown in Figures 11 and 12. Figure 10
also shows the velocity vectors around the vehicle at
an angle of attack of 5 degrees. The convergence of
the vectors at the rear of the airship is shown in the
Figure. This image is comparable to Figure 9 in
which the rear vectors of an airship are simulated.
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Figure 11 - Pressure coefficient on variant number 1 at
an angle of attack of 5 degrees
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Figure 12- Pressure coefficient on variant number 1 at
an angle of attack of 10 degrees

Increasing the angle of attack in variant number one
at the rear of the vehicle increases the pressure in
this area, especially after the tail and at the rear the
hull. The pressure of the flow on the top part of the
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vehicle at the rear creates a turbulent area behind the
airship, which creates flow vortices and improves
the vehicle lift to drag conditions. Figure 10 shows
the lift-drag ratio of variant 1 based on numerical
solution at three different attack angles.

As in variant number one, in variant number two, the
effects of the angle of attack on the pressure
coefficient distribution will be investigated. The
distribution of pressure coefficient on the rear of the
vehicle can determine the flow pattern in this area
and the separation of the flow. Increased pressure in
this area is normal due to the vortices at the rear of
the vehicle and the current behind the fin. Figures
13, 14 and 15 show the pressure coefficient
distribution on configuration 2 at different attack

angles.
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Figure 13- Distribution of pressure coefficient on the
vehicle at zero degrees of attack angle in the second
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Figure 15- Distribution of pressure coefficient on the
vehicle at an angle of attack of 10 degrees

In the above three diagrams, it can be clearly seen
that at the rear of the airship behind the fin and at the
end of the rear fins, the pressure coefficient
increases with increasing attack angle, causing the
flow pattern and its separation to occur in such a way
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that the lift-drag ratio increases. These contours are
also given for variant three (Figures 16 to 18).
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Analyze the position of the fin on the hull
using analytical solution

One of the most important factors in many
aerodynamic parameters of an airship is the position
of the airship fin, the effect of which on two
coefficients of lift and drag through separation is
determined by the effect on the separation of the end
of the flow. In this part of the research, using the
Datcom analytical solver, the effects of flow
separation at the rear of the vehicle and its effects on
the two coefficients of lift and drag for all three
variants will be presented. In this regard, in three
tables 1, 2 and 3, the effect of moving the fin in the
longitudinal direction of the vehicle for three
variants in different attack angles is given.

Table 1- Effect of fin movement along the vehicle on

lift and drag
Place of fin
installation | Angle | .q Drag
of the from of coefficient | coefficient
the nose of ?dt:;;l;) (CD (Cd) cled
the vehicle
(meters)
0 0 0.073 0
40.8 5 0.367 0.104 3.534
10 0.745 0.201 3.711
0 0.074 0
44.8 5 0.352 0.103 3414
10 0.718 0.197 3.651
0 0.074 0
48.8 5 0.328 0.101 3.246
10 0.672 0.189 3.56
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Table 2- Effect of fin displacement along the vehicle on
lift and drag in variant 2

Place of
fin
installati Angle of Lift Drag
on of the . ;
attack coefficient | coefficient
from the (degrees) I (Cd) Cl/Cd
nose of
the
vehicle
(meters)
0 0 0.076 0
34.62 5 0.41 0.109 3.75
10 0.794 0.208 3.82
0 0.076 0
38.62 5 0.393 0.108 3.638
10 0.764 0.203 3.764
0 0.076 0
42.62 5 0.371 0.106 3.494
10 0.728 0.197 3.695

Table 3- Effect of fin displacement along the vehicle on
lift and drag in variant 2

Place of
fin
installation | Angle of Lift Drag
of the attack coefficient | coefficient crcd
fromthe | (degrees) (C1) (Cd)
nose of the
vehicle
(meters)
0 0 0.089 0
28.8 5 0.209 0.106 1.97
10 0.473 0.173 2.743
0 0.089 0
32.8 5 0.201 0.106 1.901
10 0.45 0.168 2.674
0 0.089 0
36.8 5 0.182 0.104 1.752
10 0.405 0.16 2.527

From the above data table, it can be seen that by
moving the fin forward, the ratio of lift-drag, which
is the main parameter in this section for
measurement, increases as expected and it can be
expected that moving fins forward will optimize
aerodynamic behavior. There is a fundamental
difference between the data obtained from the
calculations of variant 3 and variant number 1, and
that is the proximity of the ratio of lift-drag in the
two angles of attack 5 and 10. This is due to the
increasing size of the fin and increasing its effects.
In fact, it can be expected that increasing the size of
the fin reduces the effects of the angle of attack. In
examining the effects of the angle of attack, it can
be seen that by increasing the angle of attack of the
vehicle in each case, the ratio of lift-drag increases,
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which is obvious and acceptable considering the
type of configuration and the basics of flow solution.
In order to validate and ensure the results
considering the low speed of the vehicle, the
pressure distribution coefficient on the body was
qualitatively compared with similar samples. The
results show that there is a good parity between the
data and the range of pressure coefficient with
similar samples is in a certain range.

Conclusion and analysis of the results

In the present paper, aecrodynamic calculations have
been performed on three selected airship
configurations. The three selected configuration
examples include three and four fins at different
attack angles. The main purpose of this research is
to find the selected configuration from the
perspective of aerodynamic efficiency in order to
reduce the drag force and increase the lift force. In
fact, increasing the lift-drag ratio is the main goal of
this research. For this purpose, analytical solution
was performed by Datcom software and numerical
solution was performed by Fluent software. The
desired results were obtained by Fluent, but Datcom
software and analytical solution were used to
evaluate the changes in forces and coefficients. In
fact, dimensionless numbers, such as the lift-drag
ratio, are the criteria for deciding on an analytical
solution. In numerical solution, due to
computational constraints, symmetry boundary
conditions have been used. Also, an unstructured
computing network has been used by increasing the
density of cells near the hull. Also in the
computational network, network independence for
each configuration is examined. The numerical
solution is of turbulent flow type and the solution
boundary conditions are adjusted based on the inlet
velocity and the outlet pressure according to the
client's needs. What is certain and expected is that
the same results are not obtained in numerical and
analytical solutions, and certainly numerical results
can be cited more than analytical solutions, because
Datcom software has inherent computational error
and has been simplified. Also, this software has been
developed to solve the flow analysis on slender body
objects, but despite the existing errors, this software
can be used to derive computational processes and
sensitivity studies of some parameters. The results
of numerical and analytical solution show that the
ratio of lift-drag is optimal in variants with less
diameter and with increasing diameter, the drag
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force increases as expected and the length of the
vehicle has less effect compared to the diameter.
Therefore, it is suggested that diameter reduction to
be the criterion in the development of the vehicle to
optimize aerodynamic performance. Also, the
slenderness coefficient of the vehicle must be based
on diameter reduction. Another important result is
about the rear fins of the vehicle. In all three
variants, moving the fins forward and distancing
them from the rear of the vehicle disrupts the flow
pattern at the rear of the vehicle, delaying
separation. This will improve aerodynamic
efficiency and improve the lift-drag ratio of the
vehicle. On the other hand, the movement of the fins
towards the rear of the vehicle interferes with the
vortices flow behind the vehicle and the flow behind
the fin. Therefore, from an aerodynamic point of
view, it is appropriate for the rear fins to move as far
forward as possible. Of course, this issue should also
be considered from a systemic perspective, and the
present study is only from the perspective of
aerodynamics. Also, according to studies conducted
among the types of fins, the cross-type will have the
best performance among the fins in terms of lift-drag
ratio. In fact, in all variants, converting the fins from
X-type to cross or from the inverted Y variant to
cross  variant improves the  aerodynamic
performance of the vehicle. As a validation, the ratio
of lift-drag for the three selected variants has been
investigated using numerical solution and analytical
solution.

Table 4: Comparison of numerical and analytical

solutions
Cl/cd Cl/cd
. Angle . . Error
Variant Numerical | analytical
of attack . . percentage
solution solution
4 0 001 0 Near to
Variant ZEero
1 5 2.26 3.414 33
10 4.9 3.651 34
. lo 0.001 0 Near to
Variant ZEero
2 5 1.86 1.901 2
10 7.1 2.674 165
.o 0.001 0 Near  to
Variant Zero
3 5 4.1 3.638 12
10 18.0 3.764 370

It can be seen from Table 4 that increasing the angle
of attack will cause errors in the comparison results
between numerical and analytical solutions. As
mentioned, the results of numerical solution are
more acceptable for this research. Among the
selected solution variants, variant number 3 will see
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more errors due to the presence of large fins in the
higher attack angle, which can be seen in the table.
Of course, the solution results show that variant
number 3 has a higher lift-drag ratio than the other
two variants.
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