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establish the effects of the design fineness ratio of an airship towards its aerodynamic
performance. The Atlant-100 airship is chosen as the reference design model for this
study. In total, 36 simulation runs are executed with different combinations of values
for design fineness ratio, altitude and velocity. The obtained CFD simulation results are
then statistically analysed using Minitab software to evaluate the significance of the
design fineness ratio effects. From the results, it was found that smaller fineness ratio
corresponds to higher aerodynamic lift and drag forces. As in the case simulated in this
study, the smallest fineness ratio of 0.93 was shown to correspond to the highest value
of lift coefficient while having comparable drag coefficient with other fineness ratios.
This highlights that a smaller fineness ratio of the airship design is more suitable. The
constructed mathematical models to capture these effects have also been validated
with a few goodness-of-fit tests. For the regression model of fineness ratio impact on
the lift coefficient, it has R value of 99.3%. When its predictive accuracy is tested with
few simulated random cases, the maximum error obtained is only about 5%. On the
other hand, for the regression model of the fineness ratio impact on drag coefficient,
the R2 value is 99.8% and maximum predictive error from the simulation random cases
test is only around 11%. Overall, it can be concluded that the constructed regression
models have good predictive ability for impact of design fineness ratio on aerodynamic
performance of the airship under this study.
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1. Introduction

When the revolutionary urban "flying bus" idea is proposed recently, airships seem to be the most
suitable means for the transportation concept. Airships are no stranger to public transportation field,
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having served as the commercial air transportation means since early 1930s. However, with the new
technology advancements that have led to much safer airship operation, its recent comeback talks
into mainstream passenger air transportation are essentially fuelled by progressive market interests
and demands [1]. With these developments and interests on the use of airships as alternative public
airtransport means, it is possible that they could be operated to alleviate the traffic congestion within
urban cities. Figure 1 shows example vision of having airships operating as mass public transportation
means in urban cities.

Passengers embarkand disembark through feeder system, fly round trips between
the designated service routes
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LRT/Bus/MRT LRT/Bus/MRT  High-rise Building LRT/Bus/MRT
Station Station with Docking Facility Station

Fig. 1. Visionary mission profile of public transport airships [2]

In engineering design process of an airship, its external shape plays a vital role for its aerodynamic
performance. To arrive at the optimal airship design with respect to its mission profile, many external
shapes of the airship might need to be considered and tested. Modification of the external shape of
an airship can be captured by using the design fineness ratio parameter, which is defined as the ratio
of the length of the body against its maximum width. In aerospace design, the fineness ratio was used
to describe the overall shape of a streamlined body and it is one of the common design parameters
included in aerodynamics, weights and sizing analyses [3]. The impact of fineness ratio parameter on
aerodynamic characteristics of a body was demonstrated in several studies including Sahai et al., [4],
Kruger et al., [5] and Nicolosi et al., [6]. These studies have shown that different fineness ratios will
correspond to different aerodynamic characteristics of the body.

Because of its large size, designing an airship is comparatively expensive and its structure can be
hardly modified after complete construction [7]. Hence, the common trial and error design method
is highly unsuitable for development of an airship. Instead, for such design cases, the application of
mathematical models that capture the effects of changing design parameters is of a great assistance
to the designers during the early conceptual design stages. Unfortunately, there is also a general lack
of studies that have been done on the aerodynamics of an airship, especially for the current modern
hybrid airship designs. Few recent computational and experimental studies that have been done on
aerodynamics of an airship include those by Andan et al., [8], Wang et al., [9] and Sun et al., [10].
Hence, it is recognized that there is an ongoing need to construct predictive mathematical models
that can be applied in airship design process, especially to aid designers in making the correct design
decisions during the early conceptual stage. Since the external shape of the airship plays a significant
role in its aerodynamic performance, it is highly beneficial to have the relationship model between
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its design fineness ratio and aerodynamic performance. With this realization, development of such
predictive mathematical models through computational analysis becomes the main objective for the
research study presented in this paper.

2. Methodology

For this study, the Atlant-100 modern passenger transport airship was chosen as the reference
baseline design. It should be noted that the development of computer-aided design (CAD) model for
the Atlant-100 airship is done using available design details within the public domain. Therefore, this
CAD model asillustrated in Figure 2 is an approximate model of the Atlant-100 airship. Subsequently,
this also means that the obtained results in later computational simulation analyses might not be the
actual Atlant-100 airship’s performance. However, it is believed that the impact trends from changing
the design fineness ratio of the airship to its aerodynamic performance will be closely similar.

&>
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Width, W = 48m
Fig. 2. Approximate CAD model of the reference Atlant-100 airship [11]

Height,
H=35m

Overall methodology for this research study is summarized in Figure 3. In short, the approximate
CAD model of the Atlant-100 airship is constructed using CATIA software.

L~

.

CAD MODEL AND SIMULATION SETUP CFD SIMULATION RUNS MATHEMATICAL MODELLING

* Full factorial design of * CFD validation case * Construction of mathematical
experiments (DoE) simulation runs using models using MINITAB

* Construction of CAD model StarCCM+ * Goodness-of-fit test for the
using CATIA for each simulation + Data collection and analysis constructed mathematical
design setting model

Fig. 3. Main steps of the research methodology for this study
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The model is then used in computational fluid dynamics (CFD) simulation analysis that is
conducted StarCCM+ software. CFD is essentially a branch of fluid mechanics that applies numerical
analysis and data structures in order to study and solve problems involving fluid flows, which has
found a significant importance in design engineering process. Among others, the CFD method was
applied in many studies including for the vertical pipe [12], wind turbine blades [13] and aircraft’s
inboard store [14]. A total of 36 simulation runs are executed with different combinations of fineness
ratio, altitude and velocity. The settings of the case runs are dictated from design of experiment (DoE)
method at full factorial combination. The obtained CFD simulation results are then statistically
analysed using the Minitab software to evaluate the significance of effects on aerodynamic
performance of the airship by fineness ratio, altitude and velocity, and to formulate the mathematical
models that capture these effects.

2.1 Turbulence Model Selection

There are several available turbulence models that can be applied in CFD analysis. For this study,
the turbulence model is chosen by comparing their performance in an example simulation case study
of the NACA 0012 aerofoil. CFD simulation results for lift and drag coefficients from using different
turbulence models are compared with the values from experimental analysis in published research
work by Jespersen et al., [15] and Ahmed et al., [16]. The CFD simulation settings have been tailored
to the experimental settings in these two references: angle of attack of three degrees, Mach number
of 0.15 (velocity of about 43.82 m/s) and also Reynold's number of 6 million in a compressible flow
environment. Figure 4 depicts the results of the mesh study done for this comparison case study,
which shows variation of lift coefficient for the NACA 0012 aerofoil against number of cells. As can
be observed from the plot, the solution seems to converge when number of cells is more 7.5 million.
Hence, it is taken that the meshing in this particular case study should roughly have at least 7.5 million
cells in order to have accurate CFD results.

0.291
0.290
0.289
0.288
0.287
0.286

Coefficient of Lift, C,

72 73 74 75 76 77 78 79 8.0
Number of Cells, N (in millions)
Fig. 4. Lift coefficient against number of cells

The CFD simulation results for lift coefficient of the NACA 0012 are depicted in Figure 5 and they
are also tabulated in Table 1. It should be noted the obtained simulation results are consistent with
the published results in a similar study by Eleni et al., [17]. From Table 1, it can be seen that the value
of lift coefficient obtained using the standard Spalart-Allmaras turbulence model has the lowest error
percentage in comparison to the value from actual experiment, which is taken as 0.3. This indicates
that this turbulence model has performed the best in the simulation of lift coefficient for the NACA
0012 aerofaoil.
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Fig. 5. Comparison of experimental and simulation results for lift coefficient of NACA 0012 aerofoil
Table 1
Experimental and simulation results for lift coefficient of NACA 0012 aerofoil
Turbulence Model Simulated Lift Coefficient % Error to Experimental Result
K-Epsilon 0.2897 3.43
K-Omega 0.2895 3.50
Standard Spalart-Allmaras  0.2905 3.17

Furthermore, performance of standard Spalart-Allmaras in producing good drag coefficient value
against that from the actual experimental value is also studied. The experimental result for the drag
coefficient of NACA 0012 aerofoil at lift coefficient equals to 0.3 for similar simulation setting is about
0.0095. Meanwhile, based on the simulation analysis using standard Spalart-Allmaras, the simulated
value of drag coefficient is 0.0106. This over-prediction of drag coefficient is anticipated and can be
contributed to the capability of the standard Spalart-Allmaras turbulence model in capturing airflow
behaviour around the body and also the calculation method that it applies to solve the Navier-Stokes
equation, particularly for near wall analysis. In Figure 6, a similar pattern of the airflow on top of the
NACA 0012 aerofoil can be observed for all turbulence models when velocity is over 50 m/s.

Velocity: Magnitude (m/s)

30.000 34.000 38.000 42.000 46.000 50.000
‘A ‘A‘ - = (.‘;\ —
K-Epsilon K-Omega Standard Spalart-Alimaras
Turbulence Model Turbulence Model Turbulence Model

Fig. 6. Velocity plot for NACA 0012 aerofoil simulation using different turbulence models at 3-
degree angle of attack

However, the standard Spalart-Allmaras turbulence model seems to have a better ability to
capture turbulent airflow at the trailing edge compared to other turbulence models. Unfortunately,
this also typically leads to over-prediction of the turbulent flow and produces the far less efficient
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prediction of airflow around the wing. As a result, the use of the standard Spalart-Allmaras model is
unable to accurately capture the detailed force, resulting in a notable error percentage for the drag
coefficient value. On the other hand, the standard Spalart-Allmaras model is more superior in
capturing the shear forces in comparison to other models, which enables a better prediction of the
lift force behaviour. Based on these arguments, it is taken that the standard Spalart-Allmaras is a
suitable turbulence model to be applied in this study.

2.2 Meshing Study

For the initial meshing study, the classic Zeppelin model used was constructed with matching
dimensions to the ones applied in previous study by Voloshin et al., [18]. The CAD model is shown in
Figure 7, which has a fineness ratio of 4:1 with approximate chord length of 1 m and location of centre
of gravity is on the axis of symmetry at a distance of 0.451 m from the nose, plus the angle of attack
is set to be -0.4 degrees. Further details regarding the simulation environment settings are tabulated
in Table 2, which are all tailored to previous study by Voloshin et al., [18]. By doing this, the obtained
simulation results can be compared to the ones published in this previous study.

—>

Diameter, D = 0.25m Length, L= Im

Zeppelin Classic
Modelling

Fig. 7. Classic Zeppelin modelling in CATIA

Table 2

Environment settings for meshing study
Parameter Setting Value
Dimension 1mx0.25m
Reference Area, S 0.101 m?
Reference Length, | 1m

Fineness Ratio 4:1

Constant Density, p 1.204 kgm’3
Dynamic Viscosity, W 1.789 x 10°° Pa.s
Ambient Pressure at Sea Level 101325 Pa
Airship Velocity, v 37 mst
Angle of Attack -0.4°

Turbulence Model
Simulation Types
No. Simulation lterations

Standard Spallart-Allmaras
Steady-state
1500
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The considered trimmer and polyhedral mesh types areillustrated in Figure 8. Both have constant
number of layers, 10 layers near-wall prism with 8 mm mesh size and the maximum size of meshing
cells is 64 mm on the analysis environment. By observing Figure 8, it appears that the trimmer mesh
(structured mesh) produces more organized shape as the layers become much smaller when they are
closer to the model, unlike for the polyhedral mesh. This situation is mainly due to significant effects
of the boundary layers, which lead to more detailed mesh levels. It was stated that this mesh is able
to produce balanced calculation in each node as the size is constantly the same [18]. In contrast, the
polyhedral mesh fills the environment block with different shapes and sizes. They might yield better
result since they consist more nodes in each cell with different boundary layers. For this reason, they
can produce more accurate cells calculation but with an unbalanced number of nodes configuration.

As observed in Table 3, the value of simulated drag coefficient for both types of mesh seems to
be far less accurate than for lift coefficient. It is noted that the pressure forces contribute the biggest
effect (about 98%) to lift coefficient while the shear forces are the big contributor to drag coefficient
(about 90%) [18]. Since the prediction of shear forces is more difficult to do in comparison to pressure
forces, a larger error for drag coefficient was expected. Both mesh types need to have more boundary
layers and smaller mesh size in order to better capture the airflow.

(a)
Fig. 8. (a) Trimmer mesh (b) Polyhedral mesh

Table 3

Results for meshing simulation study

Type of Mesh No. of Cells (x 10°) G Cd
Experimental - 0 0.0419
Polyhedral [15] 4.5 -0.0080 0.0390
Trimmer 4.0 -0.0021 0.0225
Polyhedral 4.7 -0.0020 0.0270

The error from using structured trimmer mesh is higher than that for unstructured polyhedral
mesh and this can be explained by looking at Figure 9. The polyhedral mesh results in a more accurate
result because it is the best option to steep filleted or rounded surface such as the shape of Zeppelin
or airship. It can be observed that the resultant contour plots are only slightly different to each other,
especially in region of the body surface and tail (near boundary layers). Nonetheless, the differences
result in different behaviour of the turbulence airflow whereby the separation airflow at the rear
airship body in the case of the polyhedral mesh is much more detailed in comparison to that of the
trimmer mesh. With polyhedral mesh, the airflow is separated block-by-block at the wake area since
there are more cells in the block area. In contrast, the trimmer mesh produces a smooth-filled line.
Moreover, in terms of the wall shear stress, the polyhedral mesh produces reddish-coloured pressure
contour at the fin area as a result of more detailed airflow calculation on each of its nodes. Overall,
it appears that the number of nodes provides particularly different airflow behaviour for each type
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of mesh and the polyhedral mesh gives more details in capturing pressure and velocity. Hence, the
polyhedral mesh is chosen to be applied for this research study.

Velocity: Magnitude (m/s) Wall Shear Stress: Magnitude (Pa)
0.0 8.0 16.0 240 32.0 40.0 0.0 1.2 24 3.6 4.8 6.0

0 ‘m@ EBEEes = - H

Trimmer Trimmer

=<

Polyhedral Polyhedral

Fig. 9. Velocity plot and wall shear stress vector diagram
2.3 Simulation Settings

In the simulation analysis, the airship design model is varied in terms of its design fineness ratio.
Moreover, the settings of both altitude and velocity are also changed to observe their impact on the
aerodynamic performance of the airship. The range of altitude and velocity is chosen based on the
expected value for operation of mass transportation airship. Design of experiments (DoE) method is
applied to set the settings for each simulation run in this study to ensure that the simulation data can
be properly used for the mathematical modelling process in the following step of the methodology.
Overall, in full factorial DoE setup, the total number of simulation runs for this study is 36, with three
levels for design fineness ratio and altitude parameters while velocity parameter has four levels. By
referencing the previous study by Battipede et al., [19], the simulation environment was set up as
presented in Table 4 and Figure 10, where L is length of the airship.

Table 4

Simulation environment physical and mesh setup
Parameter Setting Value
Constant Density, p 1.204 kgm’3
Dynamic Viscosity, W 1.789 x 10°° Pa.s
Ambient Pressure at Sea Level 101325 Pa

Airship Velocity, v 37 mst

Angle of Attack -0.4°

Turbulence Model Standard Spallart-Allmaras
Cells Size > 7.5 millions
Simulation Types Steady-state

No. Simulation Iterations 1500
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Fig. 10. Simulation environment domain setup (with L = 100 m)

The design fineness ratio here is defined as the ratio of the design length divided by its diameter.
Three variations of design fineness ratio value are being considered in this study, which means the
reference Atlant-100 airship design is modified in correspondence to the three considered design
fineness ratio settings. The dimensions and the frontal area values downward in Z-direction for the
different scaled Atlant-100 airship models to the different fineness ratios are indicated in Figure 11.
It should be noted that only the width of the reference Atlant-100 airship design is modified to change
its design fineness ratio while the other dimensions are kept constant. It is observed that the Atlant-
100 airship design becomes bulkier as its width is increased (or with smaller fineness ratio).

o

Design Fineness Ratio = 2.08 Design Fineness Ratio = 1.39
Dimensions (Lx W x H) =100 mx48 mx35 m Dimensions (Lx W x H) =100 mx78 mx35 m
Frontal Area = 4481.6 m? Frontal Area = 6301.4 m?

>

Design Fineness Ratio =0.93

Dimensions (Lx W x H) =100 m x 108 m x 35 m for the three cases
Frontal Area = 9073.5 m?

Fig. 11. Constructed CAD models for different design fineness ratios

Expansion of width by scaling up ratio of 1.5
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2.4 Mathematical Modelling

The collected data from the CFD simulations is used to fit the mathematical regression model for
the relationship of fineness ratio, altitude and velocity with the resultant aerodynamic lift and drag
coefficients of the airship. In this study, the regression analysis is done using the MINITAB statistical
software, where the regression fit is done separately for lift and drag coefficients as the dependent
variables while fineness ratio, altitude and velocity as the independent variables. Once the regression
models have been constructed, they will be subjected to several goodness-of-fit tests to ensure that
the models fit the data well. Among the tests that were applied to measure goodness of the model
include R? value, Analysis of Variance (ANOVA), residual plots and using several random test cases to
observe the error between the actual values and the fitted values by the regression model.

3. Results and Discussion

The obtained CFD simulation results are tabulated in Table 5. In general, it can be observed that
the airship design model with lower design fineness ratio produces higher lift and drag coefficients.
This was expected as a wider airship body with same length can generate more lift force due to more
exposed surface area.

3.1 Effect of Altitude on Lift and Drag Coefficients

When altitude is increased, the atmospheric density and Reynold's number will decrease [20]. As
a result, the generated lift coefficient will also decrease as density, dynamic viscosity, pressure and
temperature of atmospheric air environment are all decreased with altitude. This can be seen in the
plots of simulated lift coefficient for different altitudes as shown in Figure 12 at different velocities.
From the plots, there is no consistent trend that can be visibly captured with increasing altitudes for
all different velocities studied. The explanation for this situation can be contributed to the variation
of the hull body and wing tail design of the modified airship models. However, larger fineness ratio
model (i.e. smaller body width) consistently corresponds to lower lift coefficient for all velocities. The
modified airship model with higher design fineness ratio lacks lifting surface (else known as projected
area), which is meant to capture the aerodynamic lift produced by the hull body. Airship model with
a high fineness ratio mostly has to generate additional lift from the wing due to its smaller hull body.
In a nutshell, the larger the fineness ratio of the airship, the slender its hull body becomes and hence
less lift force can be generated. Another observation from the simulation results highlights that the
lift force generation is much more consistent at higher altitudes than lower ones due to decrement
of environmental pressure and shear force as the altitude is increased.

Meanwhile, plots of the simulated drag coefficient for different altitudes are presented in Figure
13 at different velocities. Unlike lift coefficient, the trend for drag coefficient is essentially consistent.
It can be seen that the modified Atlant-100 airship model with design fineness ratio of 1.39 produces
the highest aerodynamic drag coefficient compared to other ratios. This is mainly due to the presence
of more downward airflows (as observed during simulation run), which occurs because the model's
wing size is smaller at this fineness ratio. When the fineness ratio is 2.08 and 0.93, negative direction
of the force coefficient from wing section occurs. This means that contribution of wing is less towards
the wake formation at the back of the airship as can be seen from Figure 14. In contrast, for airship's
design fineness ratio of 1.39, the generated force coefficient from wing section was mostly positive
at different combinations of altitude and velocity, which adds to the total drag force of the airship.
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X 4

As a result of the combination of the aerodynamic airflow on the hull body that directs higher airflow,

negative direction of force is created and hence a higher drag force around the wing area.

Table 5

Simulation analysis results from StarCCM+

Run Fineness Ratio Altitude (m) Velocity (km/h) C Co

1 2.08 1500 100 0.026 0.024
2 2.08 1500 140 0.039 0.026
3 2.08 1500 190 0.039 0.027
4 2.08 1500 250 0.032 0.025
5 2.08 2000 100 0.029 0.026
6 2.08 2000 140 0.025 0.023
7 2.08 2000 190 0.031 0.026
8 2.08 2000 250 0.040 0.026
9 2.08 2500 100 0.040 0.027
10 2.08 2500 140 0.022 0.025
11 2.08 2500 190 0.017 0.023
12 2.08 2500 250 0.042 0.025
13 1.39 1500 100 0.048 0.036
14 1.39 1500 140 0.044 0.032
15 1.39 1500 190 0.047 0.033
16 1.39 1500 250 0.040 0.031
17 1.39 2000 100 0.038 0.036
18 1.39 2000 140 0.047 0.034
19 1.39 2000 190 0.055 0.034
20 1.39 2000 250 0.047 0.037
21 1.39 2500 100 0.052 0.036
22 1.39 2500 140 0.055 0.036
23 1.39 2500 190 0.054 0.036
24 1.39 2500 250 0.047 0.035
25 0.93 1500 100 0.055 0.033
26 0.93 1500 140 0.089 0.037
27 0.93 1500 190 0.069 0.033
28 0.93 1500 250 0.088 0.036
29 0.93 2000 100 0.061 0.033
30 0.93 2000 140 0.070 0.035
31 0.93 2000 190 0.060 0.032
32 0.93 2000 250 0.078 0.036
33 0.93 2500 100 0.059 0.032
34 0.93 2500 140 0.058 0.032
35 0.93 2500 190 0.072 0.035
36 0.93 2500 250 0.078 0.036

100



CFD Letters

Volume 12, Issue 10 (2020) 90-110

0.07
........... R
g PR :
:§ 005 ‘ ........
- = L N S PP L
"g ........... @t
o 0.03
&
—
0.01
1400 1600 1800 2000 2200 2400 2600
Altitude (m)
®FR=0.93 @FR=1.39 FR =2.08
(@)
0.08
£ D S D SR R ¢
g 006 gl °
K] P
L
£ 004
o
o
£ 002
£
0.00
1400 1600 1800 2000 2200 2400 2600

Altitude (m)
®FR=093 @FR=1.39
(c)

FR=2.08

Lift Coefficient

Lift Coefficient

009 e
007 e ...
R
0.05 P S L TTRIL @
0.03
0.01
1400 1600 1800 2000 2200 2400 2600
Altitude (m)
®FR=093 @©FR=1.39 FR =2.08
(b)
009 | o.
----------- @ ccceiniennnececsscs@®
0.06
................ @-ccereririerencicin @
PR
0.03
1400 1600 1800 2000 2200 2400 2600
Altitude (m)
®FR=093 @©FR=1.39 FR =2.08
(d)

Fig. 12. Lift coefficient for different altitudes at (a) 100 km/h; (b) 140 km/h; (c) 190 km/h; (d) 250 km/h

0.04
-Iqé" .. .................... ‘ .................... .‘
:‘:’ @ coccccccescchccncans [ o
£ 0.03
o]
o
oo
o
2 002
1400 1600 1800 2000 2200 2400 2600
Altitude (m)
®FR=093 @©FR=139 ©FR=2.08
(a)
0.04
L d .o
g’ @ rizzaeeseeeereetett .. ...... ‘
|| @il @t
£ 0.03
o]
o
oo
o
2 002
1400 1600 1800 2000 2200 2400 2600
Altitude (m)
®FR=093 @©FR=139 ©FR=2.08

(c)

Drag Coefficient

Drag Coefficient

0.04
@ -.....
........................ Py
............. F EREE
B A N R R Y °
0.03
0.02
1400 1600 1800 2000 2200 2400 2600
Altitude (m)
®FR=093 @©FR=1.39 FR =2.08
(b)
0.04
‘...........'.....'.......-.-.‘.'.".'....:::::......::!:n.,..'
003 ®
0.02
1400 1600 1800 2000 2200 2400 2600

Altitude (m)
®FR=0.93 ®FR=1.39
(d)

FR=2.08

Fig. 13. Drag coefficient for different altitudes at (a) 100 km/h; (b) 140 km/h; (c) 190 km/h; (d) 250 km/h

101



CFD Letters
Volume 12, Issue 10 (2020) 90-110

Turbulent Viscosity (Pa-s)
0.00 0.20 0.40 0.60 0.80

Design Fineness Ratio = 2.08 Design Fineness Ratio = 1.39 Design Fineness Ratio = 0.93
Cd,ing =-0.00023 Cd,ing = +0.000476 Cd,ing =-0.000156

Fig. 14. Turbulent viscosity at altitude of 1500 m and velocity 140 km/h

It can be taken that the resultant drag is heavily influenced by the shape of the airship model and,
in this case, by how the design scaling process is done to achieve the intended design fineness ratio.
More positive drag force is generally produced as the altitude is decreased. In conclusion, it appears
that altitude has a notable effect to the lift force generation but does not significantly affect the drag
force magnitude for considered combination of design fineness ratio and velocity.

3.2 Effect of Velocity on Lift and Drag Coefficients

The effect of velocity to the generation of lift force is observed from the constructed plots based
on CFD simulation results in Figure 15. In the plots, lift force generation was mostly increased with
increasing velocity regardless of the altitude for design fineness ratios of 0.93 to 2.08. The percentage
increment of lift coefficient for design fineness ratio of 0.93 at each altitude is the highest compared
to other ratios.
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Fig. 15. Lift coefficient for different velocities at (a) 1500 m; (b) 2000 m; (c) 2500 m

Meanwhile, the effect of velocity to the generation of drag force is observed from the constructed
plots based on the obtained CFD simulation results in Figure 16. From the plotted simulation results,
the drag force can be taken to be essentially constant with increasing velocity at each altitude. This
is in line with published results in the study by Sadraey [20], which indicates that the velocity has no
considerable effect on the generated drag force when the Mach number is less than 0.7 because the
compressible and wave drag effects around the body are small. The drag force can thus be considered
constant in such cases. Since the velocity variation for this simulation study falls below that Mach
number for each of the considered altitudes, this supports observed behaviour of the simulated drag.
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Fig. 16. Drag coefficient for different velocities at (a) 1500 m; (b) 2000 m; (c) 2500 m

It can be concluded that velocity has a rather notable effect on the lift force generation, especially
at the lower altitudes. On the other hand, the drag force generation was rather consistent with the
varying velocities, signifying a low impact of the velocity on drag force.

3.3 Effect of Fineness Ratio on Lift and Drag Coefficients

Figure 17 shows the variation of the lift coefficient as the velocity and altitude are changed. It can
be observed that the airship model creates higher lift at design fineness ratio of 0.93 in comparison
to the other ratios with variation of velocities and altitudes. In fact, the trend appears to indicate that
the influence of design fineness ratio is more significant than velocity and altitude. The difference in
lift force produced from different design fineness ratios is more pronounced as velocity increases and
lower fineness ratio corresponds to higher lift force. A reason for this situation is because airship with
low fineness ratio has a wider body that enables it to have more lifting surface to create more lift as
highlighted in Figure 18. All in all, it can be taken that the airship with smaller fineness ratio is capable
to generate more lift at all velocities and altitudes.
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Fig. 17. Simulated value of lift coefficient for different design fineness ratios
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Fig. 18. Simulated normal force acting on airship body at
250 km/h and 2500 m altitude

In the meantime, Figure 19 shows the plot of simulated drag coefficient against design fineness
ratio. It can be observed that the produced drag coefficient is within the range of 0.025 to 0.045. An
interesting observation that can be noted is that the drag force generated with design fineness ratio
of 1.39 is mostly higher than that obtained with design fineness ratio of 0.93 at several combinations
of velocity and altitude. This situation occurs despite the fact that the airship will have smaller surface
area at design fineness ratio of 1.39. A possible explanation for this can be contributed to the collision
of airflow from the body surface to the wing, which creates large turbulence vortex as illustrated in
Figure 20. Due to this condition, the wing is unable to reduce the pressure of airflow around it and
this will increase the pressure drag. To improve this condition, the wing design must be configured
appropriately with the changing design fineness ratio, which in this case study the wing configuration
is maintained for all different fineness ratios. It can therefore be concluded that design fineness ratio
definitely has a significant effect on both the lift and drag force generation of the airship design.
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Fig. 19. Simulated value of drag coefficient for different design fineness ratios
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Large Turbulence Vortex

(a) (b)
Fig. 20. Simulation results at velocity 190 km/h and altitude 2000 m for (a) fineness ratio = 1.39; (b)
fineness ratio = 0.93

3.4 Mathematical Modelling of Airship Performance

As previously observed, the trend of individual effects from the design fineness ratio, altitude and
velocity are not readily visible. Subsequently, the combinatorial effects from these three parameters
will be much harder to predict manually. To ease this situation, mathematical modelling of the effects
can be developed using the simulated CFD data for lift and drag forces with different combinations
of design fineness ratio, velocity and altitude. The MINITAB statistical software is utilized here for the
equation fittings.

The simulated lift coefficient data was analysed and the resultant linear regression model of the
lift coefficient against all predictor variables (i.e. design fineness ratio, velocity and altitude) is shown
by Eq. (1), in which CL = lift coefficient, FR = airship's design fineness ratio, A = altitude (m) and V =
velocity (km/h). It should be noted that the backward elimination method with alpha = 0.1 is used in
fitting this regression model.

CL=-72*10"*FR+9.7*10°*V +2.9*10 " *FR* =6.7*10°*V? + 2.4*10* *FR* A
+2.6%10°*FR*V —3.8*10 °* A*V +1.6*107"*V° -1.0*10* *FR** A-1.9*10° * FR* *V
+3.3*100* AZ*V +1.9*10 ¥ A*V? +1.5*%10 * FR?* A + 6.0*10° * FRZ *V/ 2
~3.3*%10"*FR* A?*V +3.7*10 °*FR* A*V? —47*10 8 * FR*V? -4 2*10 " * A*V?®

The p-value in analysis of variance (ANOVA) for the regression model fitting of the lift coefficient
is very small, which is very close to 0, and this indicates that the model explains the variation in the
value of the generated lift coefficient very well. However, before this resultant regression model in
Eqg. (1) can be used for prediction of lift coefficient value with varying airship's design fineness ratio,
velocity and also altitude, the mathematical model has to be checked for its goodness of fit. The first
goodness-of-fit test is R? value or coefficient of determination. For this case of Eq. (1), the R? value is
99.3%. In other words, this can be interpreted that roughly 99.3% of the lift coefficient data variability
within the considered range of the predictor variables is appropriately captured by the regression
model. This is also reflected by the plot of observed versus fitted responses for the lift coefficient
shown in Figure 21, where it is observed that the data points are aligned in almost straight line. This
indicates good agreement between the observed and fitted values of lift coefficient, hence a good fit
of the regression model. Moreover, goodness of fit for the constructed regression model can also be
tested by looking at the residual plots in Figure 22. The residuals do not indicate any visible trend and
the data points are randomly scattered, which implies there is no significant higher order term that
must be included in the model. Moreover, the histogram of residuals closely resembles that of the
normal distribution, which matches the assumption made in standard linear regression method.
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Fig. 21. Plot of observed versus fitted lift coefficient
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Fig. 22. Plot of residuals for lift coefficient model

Last but not least, the verification of the regression model for the lift coefficient is done using few
random sample cases. The selected random simulation results from the CFD analysis in StarCCM+ are
tabulated in Table 6 with comparison to the fitted lift coefficient values using the regression model.
It can be observed that the error percentage is very small between the two values, with the maximum
is only about 5%. This can be taken as a good indication that the constructed regression model has
effectively captured the relationship between the generated lift coefficient and all of the considered
predictors: design fineness ratio, velocity and altitude.

Table 6

Comparison of random test cases for lift coefficient model

Fineness Ratio Altitude (m) Velocity (km/h)  Simulated CL Fitted CL % Error
1.19 1800 120 0.0548 0.0549 0.2126
1.19 2400 240 0.0597 0.0595 0.3785
1.04 1800 120 0.0652 0.0622 4.5554
1.04 2200 180 0.0586 0.0617 5.2464
1.04 2400 240 0.0694 0.0673 3.0577

In similar fashion, the simulated drag coefficient data from StarCCM+ software is analyzed and
the resultant linear regression model of the drag coefficient against all predictor variables (i.e. design
fineness ratio, velocity and altitude) is indicated by Eq. (2), where CD = drag coefficient, A = altitude
(m), FR = airship's design fineness ratio and V = velocity (km/h). It should be noted that the backward
elimination method with alpha = 0.1 is used in fitting this regression model.
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CD=45*10"**V -5.0*10°* A +2.1*10°*V2 +3.0*10 °*FR* A—1.7*10* * FR*V
+4.1%107°*V3 —1.2*10°*FR?* A+5.2*10 °* FR?**V +5.3*10 ** FR2 * A?

(2)

The p-value in analysis of variance (ANOVA) for the regression model fitting of drag coefficient is
very small, which is close to 0, and this indicates that the model explains the variation in value of the
generated drag coefficient very well. Goodness of fit for the drag coefficient model is also established
from several tests. Its R? value is found to be 99.8%, which implies that 99.8% of the drag coefficient
data variability is appropriately captured by the regression model. This is also reflected by the plot of
observed versus fitted responses for the drag coefficient in Figure 23, where it can be observed that
the data points are aligned in an almost straight line. This indicates a good agreement between the
observed and fitted values of drag coefficient, hence a good fit of the regression model.
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Fig. 23. Plot of observed versus fitted drag coefficient
values

Moreover, the goodness of fit for the regression model can also be indicated from its illustrated
residual plots in Figure 24. The residual plots do not indicate any visible trend and the data points are
randomly scattered. This is a good situation, which implies that there is no significant higher order
term that must be included into the model. Plus, the histogram of the residuals also closely resembles
normal distribution, which matches the assumption made in linear regression method.
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Fig. 24. Plot of residuals for drag coefficient model

The verification of the regression model for drag coefficient is done using several random sample
cases. The outputs from the random CFD simulation of the points selected are tabulated in Table 7,
along with the comparison with the fitted drag coefficient values using the regression model. It can
be observed that the error percentage is very small between the two values, which the maximum is
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only about 11%, and this can be taken as a sign that the regression model appropriately captures the
relationship between the generated drag coefficient and all considered predictors.

Table 7

Comparison of random test cases for drag coefficient model

Fineness Ratio Altitude (m) Velocity (km/h)  Simulated CD Fitted CD % Error

1.19 1800 120 0.0353 0.0357 1.1073

1.19 2400 240 0.0401 0.0356 11.1966

1.04 1800 120 0.0381 0.0352 7.5523

1.04 2200 180 0.0356 0.0350 1.6594

1.04 2400 240 0.0366 0.0354 3.3016
3.5 Summary of Findings

At this point, the CFD simulation work on aerodynamic performance (i.e. lift and drag coefficient)
of the selected reference airship model with varying design fineness ratio, velocity and altitude were
presented and discussed. Using the simulation results, the mathematical regression models that can
appropriately relate the generation of lift and drag forces with different settings of design fineness
ratio, velocity and altitude were derived and their goodness in predicting aerodynamic performance
of the airship was also verified. At this point, it can be concluded that design fineness ratio does have
significant impact on aerodynamic performance of the airship, which was reflected by the simulation
results and statistical analysis of the regression model. In general, it was found that for the chosen
approximate Atlant-100 airship model, both aerodynamic lift and drag forces will increase as design
fineness ratio is made smaller. All in all, based on the observation of the simulated results, fineness
ratio of 0.93 corresponds to the highest lift coefficient while the effect of wing drag causes fineness
ratio of 1.39 to mostly have the highest drag when both velocity and altitude increases. Hence it can
be taken that a low design fineness ratio may be more preferable for this airship model.

4. Conclusion and Future Works

CFD simulation analysis using StarCCM+ software has been conducted to obtain the aerodynamic
performance characteristics of approximate model of the Atlant-100 airship design. The simulation
results obtained appear to indicate that the generated lift and drag forces are affected by the varying
design fineness ratio, velocity and altitude. This finding is further strengthened through the statistical
analysis of the obtained simulation data where mathematical models for the lift and drag forces are
derived. In general, for the chosen approximate Atlant-100 airship model, both of the generated lift
and drag forces will increase as design fineness ratio is made smaller. However, it should be carefully
noted that this result is extremely influenced by the design shape of the airship model. Although it is
believed that the general trend of the effects from varying fineness ratio on the airship's aerodynamic
performance is mostly similar for the other conventional airship designs, the derived mathematical
models are only applicable and specific to the chosen approximate Atlant-100 airship model used in
this study. Based on the results, fineness ratio of 0.93 corresponds to a higher lift coefficient whereas
the effect of wing drag causes fineness ratio of 1.39 to have a higher drag when velocity and altitude
increases. It is concluded from the simulation results and established regression models that design
fineness ratio has significant impact on the generated lift and drag forces on the airship, which is also
evidently higher than that of altitude and velocity. Fineness ratio generates the largest contributing
factor in linear regression models for lift and drag coefficients that have passed goodness of fit tests.
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For future works, it should be noted that the change in external shape of the airship design will
be different if the changes in fineness ratio is achieved through other ways of design modification of
the airship model than the one applied in this study. It would be interesting to study whether the
effects of design fineness ratio found in this study remains similar when different design changes are
made. Furthermore, the complete airship design can be described by several other parameters such
as the wing and engine design parameters. In order to capture the whole essences on how design of
the airship will influence its aerodynamic performance, all these parameters need to be considered
as well. Last but not least, hybrid turbulent model can be used in future study because it can better
capture the aerodynamic forces in the analysis research. This comes at the expense of more required
research time and powerful computing tool for the analysis. Nevertheless, to obtain more accurate
representation of aerodynamic performance, this can be considered as an extension of this study.
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