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Preface

This book contains selected peer-reviewed papers from the International Conference
on Design and Engineering of Lighter-Than-Air Systems (DELTAs-2022) which was
held in Indian Institute of Technology Bombay (IIT Bombay), Mumbai, between June
22 and 24, 2022. The conference was organized by the Lighter-Than-Air Systems
Laboratory (LTA Lab), IIT Bombay, in collaboration with The Airship Associa-
tion, The Institution of Engineers (India), Aeronautical Society of India (AeSI),
International Women Professionals in Aviation and Aerospace IWPA), and IMIEU
U-LTA.

The conference’s reach was around the globe, with participants and registrants
from over ten countries including UK, Japan, France, Italy, Germany, USA, Canada,
and India. The international conference was a first-of-its-kind event based in India
themed on the Lighter-Than-Air Systems technology, with the aim of bringing out
the current research trends, advancement in the field as well as highlighting the need
for research in LTA systems for future of green aviation. The papers presented at
the conference were themed around a number of key topics related to LTA systems
including LTA systems design, aerodynamics, structures, materials, stability and
control, operations and ground handling, multidisciplinary design optimization, and
novel applications.

The paper presentations over the two days of the conference were divided into
four technical sessions, namely:

Session 1: Aerodynamics

Session 2: Design and Optimization
Session 3: Materials and Structures
Session 4: Stability and Control

The conference also featured several keynote sessions by eminent persons involved
in the field of LTA systems including those from academic as well as industry experts.
Apart from these, the event hosted a number of paper as well as sponsored poster
presentations and two panel discussions.



< Preface

In total, the conference received 53 extended abstracts submissions out of which
18 were selected for presentation post-rigorous peer review by experts in the relevant
fields. Out of the papers presented at the conference, 17 papers have been selected
for publication in the present book.
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Effect of Geometrical Parameters )
of a Tethered Aerostat on Longitudinal L
Stability Boundaries

Rakesh Kumar and A. K. Ghosh

Nomenclature

a Distance along balloon center line from nose to reference point, m

A Aspect ratio

B Buoyancy force, N

c Mean aerodynamic chord of tail, m

Cpe Tether cable drag coefficient

Cp,CL Drag and lift and coefficients, respectively

Cn Pitching moment coefficient

d. Tether cable diameter, m

Dyax, L Maximum diameter and length of the aerostat, m

Fx Fyz External forces acting on balloon parallel to x- and z-axes respec-
tively, N

hp, or Hyp, Component of distance from RP to COB, +ve for COB below RP,
m

heg or Heg Component of distance from RP to COM of balloon, positive for
COM below RP, m

hy, or Hy, Component of distance from RP to COM of balloon structure, +ve
for COM below RP, m

I, I, I Rolling, pitching and yawing moments of inertia, respectively, about

balloon COM, kg-m?
Iy, I, Iy, Products of inertia in XY-, XZ- and YZ-plane respectively, kg-m?
kyx, kyy, ik,  Tether force per unit displacement in x-, y- and z-axis, respectively,
at BCP, N/m

R. Kumar ()
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Tether x-force per unit of z-displacement at BCP and vice versa, N/m
Tether x- and y-force per unit of pitch displacement respectively
N/rad

Tether y-force per unit of roll and yaw displacement, respectively,
N/rad

Tether pitching moment per unit of x- and y-displacement, N-m/m
Total tether pitch, roll and yaw moment per unit of pitch, roll and
yaw displacement, respectively, about COM, N-m/rad

Ky Due to displacement and rotation of balloon relative to steady
tension vector at BCP, N-m/rad

Tether rolling and yawing moment per unit of y-displacement, Nm/m
Tether rolling moment per unit of yaw displacement and vice versa,
N-m/rad

Tether cable length, m

Component of distance from RP to COB, positive for COB ahead of
RP, m

Component of distance from RP to COM of balloon, positive for
COM forward of RP, m

Component of distance from RP to COM of balloon structure,
positive for COM aft of RP, m

Component of distance from RP to BCP, positive for BCP forward
of RP, m

Distance of CG from MAC of PHT of balloon, m

Apparent mass of air associated with accelerations of balloon, kg
Mass of inflation gas, kg

Balloon structural mass (including bridle, test instr. and payload),
kg

Combined mass of balloon structure and inflation gas, mg + mg kg
Cable drag per unit length for cable normal to the wind, N/m
Reference area (1tDpay2/4) and exposed planform area of aerostat,
m?

Component of distance from RP to BCP, positive for BCP below RP,
m

Time in seconds

Tether cable tension, tension at lower and upper ends, respectively,
N

Perturbation velocities of balloon COM along X- and Z-axes,
respectively, m/s

Steady wind velocity, m/s

Component of wind velocity normal to cable, Vo, sin y, m/s
Structural weight of balloon (including bridle, payload and test
instrument), N

Tether cable weight per unit length, N/m

Distance parallel to X- and& Z-axis from RP to COM, +ve for COM
forward and below RP, respectively
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X1, 21 Coordinates of balloon COM with respect to tether cable anchor
point, m

o Perturbation angle of attack, rad

€ Downwash angle, rad

A Tail sweep angle, rad

Yo, V1 Angle between horizontal and tether cable at lower and upper end,
respectively, rad

e Angle between principal X-axis of balloon and stability axis, rad

n Real part of characteristic root of stab. equation, damping, s~

6 Pitch angle, rad

A Characteristic root of stability equations (1 &£ iw) and taper ratio

0 Atmospheric density, kg/m’

w Imaginary part of characteristic root of stability equations,
frequency, rad/s

Subscripts

A, B,C,G Aerodynamic, buoyancy, tether cable and gravity force terms,
respectively.

t Equilibrium trim condition

0,1 Lower and upper end of tether cable

a, o With respect to @ and &c/2V , respectively

q,r With respect to gc/2 Vo

Abbreviations

BCP, RP Bridle confluence point and reference point

CG, COB Center of gravity and center of Buoyancy

COM, SCM  Balloon center of mass and balloon structural center of mass

PHT Projected horizontal tail

MAC Mean aerodynamic chord

1 Introduction

The paper presents a systematic approach for longitudinal stability analysis and
parametric study on longitudinal stability boundaries of an aerostat tethered from
an earth-fixed anchor point and flying in steady wind conditions. Pant et al. [1-3]
have reported good amount of research work on sizing, design and fabrication of
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Aerostats. Rajani et al. [4, 5] have analyzed dynamic stability of a tethered aero-
stat. Worth noting work has been reported in the reports available on analytical and
experimental determination of stability parameters along with trend study of balloon
tethered in wind [6-8]. Authors [9, 10] have analyzed stability along with para-
metric trend study of a tethered aerostat. The contributions in the area of stability
analysis of aerostat [ 1 1-14] and tether cable stability and dynamics [15—17] have also
been reported earlier. Few references [18—20] have been used for determining some
stability parameters. The paper presents mathematical modeling [8] (Sect. 2), estima-
tion of stability characteristics (Sect. 3) and parametric trend study (Sect. 4) showing
the effect of various geometrical parameters on longitudinal stability boundaries of
a tethered aerostat.

2 Mathematical Modeling

The stability analysis of an aerostat tethered from an earth-fixed anchor point has been
carried out under steady wind conditions. The formulations given by Redd et al. [8]
have been used for mathematical modeling of the considered aerostat (Fig. 1) tethered
in the steady wind conditions.

Figure 2 presents the geometrical parameters and various forces and moments
acting on tethered aerostat. The use of theoretical formulations [8] based on consid-
ered aerostat configuration was made for the calculation of stability derivatives and
analysis.

Figure 3 shows the coordinate system along with forces and moments used for
the derivation of equations of motion of the tethered aerostat. Figure 3 also shows
tether cable forces at the lower and upper end along with related angles.

Table 1 presents the geometric, mass, inertia and aerodynamic characteristics of
the considered aerostat used to carry out the stability analysis. Some dimensional
parameters were given, while the others were calculated for the given configuration
of the tethered aerostat based on the theoretical formulations [8, 19, 20].

|
|

Fig. 1 Dimensions of the aerostat and fin
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Ref: point
1;:;:.:&}“:-51:\1: forces)

\ Structural center of mass

“-— Balloon center of mass

Fig. 3 Coordinate system and forces acting on tethered aerostat [8]
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Table 1 Characteristics of the considered aerostat

Parameter (units) | Value Parameter (units) | Value Parameter (units) | Value
L (m) 5.98 Pa (kg-m_3) 1.09 bvT (M) 8.1415
T (m) 10.9 Phe (kg-m™3) 0.1759 bPVT (M) 5.7572
Leg (m) —-1.92 | mr (kg) 1406 bPHT (M) 11.5145
Hg (m) 0.68 mpe (kg) 355.85 syt (M?) 44.729
Ly (m) 0.31 my (kg) 1050.15 spyT (m?) 31.63
Hp, (m) 0.0 mna (KQ) 488.25 spaT (M?) 63.26
Lg, (m) -3.6 mya (Kg) 2283.6 Sret (M?) 96.769
Hj, (m) 2.4 mza (Kg) 2283.6 AVT 1.482
[ (m) 1000 e (kg-m?) 15,081.44 | apvT 1.048
d. (m) 0.017 | py (kg-m?) 150,814.4 | apuT 2.096
Dax (m) 11.1 Iz (kg-m?) 150,814.4 | Lyt (m) 4.2387
L (m) 3385 |B(N) 18,354.51 | pLpyr (m) 1.4795
¢; (m) 3.144 | w, (N/m) 2.943 LPHT (M) 9.4407
¢, (m) 7.844 Cpc 1.17

¢ (m) 5.829 | i 0.4

The motion of the tethered aerostat consists of small perturbations about steady

flight reference conditions. A linearized analysis similar to that of a rigid airplane has
been used during the mathematical modeling while taking into account the following

considerations.

1. The equations of motion are referred to center of mass of the balloon.

2. The balloon is symmetric laterally and has yaw, roll and side slip angles equal
to zero in the reference steady-state trimmed condition (v, ¢;, 8; = 0).

3. The balloon and bridle form a rigid system.

4. The tether cable is flexible, but inextensible and contributes static forces at the
bridle confluence point (BCP).

5. The cable weight and drag normal to the cable are needed only for determining

the static cable forces, equilibrium shape of the cable and the cable derivatives.

Four different sources of external forces and moments such as aerodynamic,

buoyant, tether cable and gravity act on a tethered aerostat. Therefore, the equations
of motion of a tethered aerostat can be written as [8].

Fx Ao+ Fx.c+ Fx g+ Fx.g = my %, (1a)
Fza+Fzc+Fzp+ Fz6=m;Z (1b)

My s+ My c + My + My = Iy6 (Ic)
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The terms m,,, m,, and m_, are total aerostat masses in x-, y- and z-directions,
respectively, and can be expressed as:

My, =M + mg + mg (2a)

m; o = My + meg + ma3 (Zb)

The terms my, and m, are the structural mass of aerostat and mass of the gas
inside the aerostat. The terms m,; and m,3 are apparent masses associated with
accelerations in x- and z-directions, respectively. The apparent masses which depend
upon the equilibrium trim angle of attack («;) are given by the following equations

[8].

My = mx’aCOSZOl, + mz,asinza,, (3a)

Myz = mmsinzoz, + mwcoszoe, (3b)

The terms m, , and m_ , are the apparent masses of the balloon accelerating along
the X ;- and Z;-axes. The mass moments of inertia which depend upon the orientation
of the balloon are expressed by the following equations [8].

I, = xxcoszs + Izzsinzs (4a)

I, =1 (4b)
I, = I, sin’e + I.cos’e (4c)
Lo = oL —Io)sin’e (4d)

The terms I, I,y and I ; are the mass moments of inertia about the principal axes,
and ¢ is the angle between the principal X-axis and the stability X-axis. In the present
analysis, X-, Y- and Z,-axes are considered to be principal axes; hence, ¢ = «;.

2.1 Aerodynamic Forces and Moments

The aerodynamic forces and moments at trim conditions in non-dimensional form
while neglecting higher order perturbation terms are represented by the following
relationships [8].
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Vs VZs
(p = )(CDH—CL):|0—<p = )CD (5a)
s

pV.
en=| (5
VoS Veo ST
_ |: 4 ;o >(CLQ+CD)]Z6—|:'O ZO (CLd+CLq)i|9
VZs VZs
- [p ==(Cu, +CD)}9+ PYo® ¢, (5b)
Voo ST S(©)? Voo ST
My = |25 00, 1+ 0 e+ [ 22D, 2+ (220, )z
2 4 2
Voo S(2)? . V2Se V2Sc
4 PV 0 ey (22, Yo PV, (5o
4 ‘ 2 2
2.2 Tether Cable Forces and Moments
The tether cable forces and moments are expressed as [16]:
FX,C - _kxxxe - kxzze - (kx0 + Tl sin V1)9 + Tl COS Y1 (63)
Fzc=—kyxe —k 2.+ (T] cos y1 + ky(;)é’ + T sin yy (6b)
My,c = —koxxe — kozze — kog® — hy, Ty sin yy + hy, Ty cos vy (6¢)

where

hy, = (1,, - lcg) cos oy + (t,, — hcg) sin o,
hi, = (tir — heg) cosay — (1 — 1) sinay,
kyo = hkzkxx - hklka’ kz@ = hkzkzx - hklkZZ

kex = hkzkxx - hlq kZXv k(?z = hkzkxz - hklkzz
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koo = koo, + koo,
koo = hikax — highy, (ke + ko) + i ke,
koo, = hi, (Ty siny1) + hy, (Ty cos y1)
kyp = =hikyy, Ky = hikyy,  koy = kyp
kop = hizkyw kyy = hil kyy

Koy = —hihikyy,  kyy =kyy, kyp =koy

2.3 Buoyancy Forces and Moments

The expressions for the buoyancy forces and moments about the center of mass in the
stability axis system can be expressed assuming small perturbation angles as [16]:

Fx.p = B0 (7a)
F;3=—B (7b)

My g = B[(lpr — log) cos oy — (heg — hyy) sina |
— B[(hcg — h;,r) cosa; + (l;,, — lcg) sin a,]@ (7¢)

2.4 Gravity Forces and Moments

The component due to structural weight of balloon is considered during the formu-
lation of equations of motion for gravity forces. The effects of apparent mass and
lifting gas are already included in the coefficients of the acceleration and buoyancy
terms, respectively. The forces and moments due to gravity for small perturbation
angles are determined by [8]:

Fxc=—-W0 (8a)
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Fro=—W, (8b)

My = Ws[(Lyr + log) cosoy — (hyy — heg) sina, |
— Ws[(hsr — heg) cos oy + (I, + 1) sine |0 (8¢)

3 Estimation of the Stability Characteristics

After the mathematical modeling, the stability characteristics (roots/eigen values) of
the considered aerostat can be estimated by executing the following steps:

1. Calculate the trim angle of attack.

2. Obtain the aerodynamic parameters dependent on trim angle of attack for the

steady-state trim condition.

Calculate the value of tensions in the cable at the upper and lower ends.

Use the value of tensions to obtain tether cable derivatives.

5. Obtain the stability equations by putting the equilibrium part of the balloon’s
equations of motion to zero.

6. Convert the above stability equations in the matrix form and obtain the roots/eigen
values by using the results obtained in the steps 1 to 4.

s w

3.1 Balloon Equations of Motion

After combining all the expressions for each of the external forces and moments
(such as aerodynamic, buoyancy, cable-tether and gravity), the following resulting
equations of motion (16) about the balloon COM can be obtained.

X-Force

PVeoS pVooS

myXe + [ (ZCD + CD,,):|5Ce + kyxXe + |: (CDO, - CL):|ZE + kyzZe

V2s , V2s
+ [kxe + 2222 (Cp, = CL) = (B= W) + T smyl}e + 222,
—Ticosy; =0 (9a)
Z-Force
. Voo S . VooS .
m;Ze + P oo (ZCL + CLy)xe + kzxxe + P oo (CL,] + CD)Ze + kzzZe

P Voo SC
4

N pV2S

(Cr. + CLq)é + <kz9 + (CL, + Cp) — Ty cos yl)Q
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V2S
Pl Tysiny; =0
Pitching Moment
Voo ST Sc?
- |:10 020 C(zcm + Cmu):|)‘ce + k9x-xe - [%Cmd}Ze

Voo ST . .. Voo ST2 .
— (:O ) Cma>ze + k@ZZ€ + I)’e - |:'O—(Cma + Cmq)j|0

V2Sc V2 Sc
+ (keo + M, — %cma)e _f ;o ch + hy, Ty sinyy

— hi,Tycosyy — My, =0

My, = [(lr —leg) B + (Iyr + 1eg) Wi ] sina,
+ [(heg — B ) B + (hyr — heg) Wy ] cosa,
[(1or —1eg) B + (I + 1) W] cos o,
— [(heg — hor) B + (hyr — heg) Wy ] sina

Sc
my =my, and m, =m,,+ 'OTCL

M,

@

3.2 Egquilibrium Trim Conditions

11

(9b)

(%0)

In the mathematical model used for calculating the stability characteristic, it is seen
that all the aerodynamic parameters are dependent on the angle of attack and it is
required to calculate the angle of attack at which the steady-state trimmed condition
for the balloon is achieved, this angle of attack is called the trim angle of attack. The
steady-state trimmed conditions can be obtained by setting the perturbation quantities

of Eq. (9a—9c) equal to zero.

pV2S
2

Cp—Ticosy; =0

pVZS

CL+B—W5—TISin)/1=O

pVZ St

C + hk] T1 sin Vi — hkz Ti cos Yi— Msz =0

(10a)

(10b)

(10c)
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Substitute Eq. (10a—10b) into Eq. (10c) to eliminate the cable tension and angle
to obtain the following trim equation:

V2S Vs Vs
h,q(p; CL—i—B—Ws)—hkz(’O;o CD>—’0 = Y Cn—M, =0 (1)

Equation (11) can be solved by Newton iterations to find the equilibrium trim angle
of attack (o) for various wind velocities, provided the aerodynamic coefficients Cp,
Cp and C,, are known functions. The calculated o can be used to solve the Eq. (10a—
10c) to find and followed by the evaluation of a-dependent stability coefficients.

3.3 Formulations for Calculation of Stability Derivatives

The expressions for the longitudinal stability coefficient/derivatives calculated in the
previous step are based on the theoretical formulation corresponding to CG location.
The derivative based on the aerostat configuration has been calculated for projected
horizontal (PHT). Lift curve slope expression given in Eq. (12) uses the values of
constants of the respective tail (PHT).

_ (27‘[ A) % Sexposed
@ S
A2B? tan? A ref
<2+\/4+ 2 (14 ))

where Cy,, is the lift curve slope of the tail.

CL (12)

Longitudinal Derivatives (PHT).

S
Cp = 0.0061 + 1.2a + Cp, & + nCp —a>

ref

S
CLu =1.2 + CLut -+ 27)CD(_S—PO[

ref

c —c de
e =
L
C, =2Cy, g”

2

C
Cp = 0.0396 + —L
TeA

Cp

Cp =2
D TeA

Cr

a
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Cn = —0.02 + 0.04832a + nCy,, (1 - —
o

Cpn, = 0.048326 4 1Cy,, (1 -

where T = (%)2

3.4 Equilibrium Cable Shape

The forces acting on tether cable of length, [ (Fig. 4) are the tension, cable weight
and drag normal to the cable. Drag along the cable has been neglected. The normal
drag force per unit length depends on the component of wind velocity normal to the
cable V,,, the drag cable coefficient Cp, and cable diameter d. and can be expressed
as [8]:

1
n= chdczpv,f (13)

Tension (7)) at upper end of the cable wusing tension
ar _ _p(_df df e o
[7 - _E(ﬂ?—f + E—ﬂf')] is given by

T =T, (14)

=phs|

— [ &tp=cosy
where T()/) = (M"—COW>

P =%,9=14+ () f = cosy.

For the known parameters such as [ (dl = (nTT]]) mdy), n, we, T1 and

Y1, the following expressions can be used to determine the coordinates 7' and y; at
upper end and Ty and y( at the lower end.

— - n‘L’ll
A=A — T and Ty = T1c0/71 (15)
1
T n T COs Y T COSy

(sin2 y + 2pcos y)

X1 =

dy where do= dy (16)

nty y (sin’y +2pcosy)
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3" = —
)

T+aT

- P dt
A Y
: ] v &
i
x
a
z
| : |
L | —"o i
X ain
l— ¥ ! |
Fig. 4 Forces acting on the tether cable [8]
~ T —Tp - ) dr
1= where dz =dlsiny = — (17)
We We

_ ¥ _ _
where A(y) = gmdy ro = A(yp) and X1 = A(yy).

3.5 Cable Force Derivatives

Consider cable in its equilibrium position. If upper end is slowly displaced in the
Xxz—plane from its original position X, Z; to a new position the resultant x- and
z-force increments are

dF, = ky d¥ + ky,dZ (18a)

dF, = kyodX + k.,dZ (18b)

The cable derivatives (spring constants) &, ky, k,, and k_, for the longitudinal
case can be expressed as [8]:
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—_—

ker = <[ Ti cos yi(sinyy — sinyp) +n(zq — Isinyp)sin’y; ] (19a)

> |

1
ke, = E[T] cos y1(cos vy — cos y1) +n(lcos yp — )El)sin3)/1] (19b)
1 . . . .9 - .
ke = E[T] sin y; (sin ¥y — sin yp) — (w, + nsin*y; cos y1)(Z — Isinyy]  (19¢)

1
k., = E[Tl sin 1 (cos yo — cos y1) — (w, + nsin®y; cos y1)(Icos yo — %1)] (19d)

where § = x;(sin y; — sin yp) + z1(cos yp — cos y;) — Isin(y; — ).

The single lateral cable derivative determined by considering a small force dFy
to act in the y-direction on the upper end of the cable is given by the following
expression.

dFy = ky,dy (20)

na/ 7 (sin?y1+2p cos y])
1162
\/(sm~y+2pcos y) )/

where k,, =

3.6 Stability Equations (Longitudinal)

The stability equations are obtained by setting the equilibrium trim portions of the
equations of motion (Eq. 10a—10f) equal to zero. The following working forms of
the stability equations [3] written about the balloon center of mass are obtained.

X-Force.

PVooS

mx)'c'e+ [ (2CD+CDu)j|).C€+kXXxe+ |:pvoo

v2isc
M]g -0

S(CDN - CL)}zg

(21a)

+ kxzze + |:kx6 + )

Z-Force.

P VoS PVeoS

m;Ze +

(2CL + CL“)).Ce + kzx-xe +

(Cr, +Cp)ze

Voo ST . V2sc
+heze+ 2 C: (Cr, +Cr,)0 + <kzg + %)0 =0 (21b)

Pitching Moment.
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Voo ST Yo Voo ST
_[p oo C(ZC,,,+CmM)}Xe+k9Xxe_ [P4c Cm&]z?e— (p o CCmu>ie+k9zze

2 2
.. p Voo SE2 .
+ 1,6 — [T(C”“’ + Cmq)]e
V2 Sc
+ (keo + M, — MCmm)é’ =0 (21¢)

Using the mathematical model, the stability equations can be written in the state
space form as given below:

dx
T Ax + Bu (22)

where A is the characteristic matrix and B is the input matrix.

Since no control input is being used, the matrix A gives the characteristics of
the aerostat system. The equation for longitudinal and lateral stability case can be
expressed in the following matrix form, respectively.

(23)

Ne X D S0 =
Il
S
NoR DR 8 T

The roots of characteristic equation obtained by computing stability matrix A for
longitudinal and lateral case give an insight into the stability of the system.

4 Effect of Geometrical Parameters on Longitudinal
Stability Boundaries

The computed values of longitudinal frequencies (w) and damping rates (1) for the
considered aerostat have been plotted as a function of wind velocity in Fig. 5a, b and
in root locus form in Fig. 5c. Figure 5a, b indicates that the considered aerostat has
three oscillatory modes of motion for the given range of the wind velocities. It can
be observed from Fig. 5b that the aerostat was longitudinally stable except below
wind velocity of 2 m/s at which one of the roots becomes positive. This fact is also
evident from the negative slope of the plot between pitching moment coefficient and
angle of attack as shown in Fig. 5d. It could also be observed from Fig. 5b that mode
2 splits into two real non-oscillatory modes above wind velocity of 19 m/s and again
merged into one at 35 m/s.
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Fig. 5 a Variation of w with
V for longitudinal case. b
Variation of n with V for
longitudinal case. ¢ @ versus
n (Root locus plot for
longitudinal case). d C,,
versus « for longitudinal case
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Next, geometrical parameters were varied to see the effect on longitudinal stability
boundaries of the considered aerostat. The results showing the effect of different
parameters on the stability boundaries for a range of speed have been presented in the
graphical form. Figures 6, 7, 8,9, 10, 11, 12 and 13 show that the aerostat is unstable
below the speed of 2 m/sec and in the region bounded by the two curved/straight
boundaries. The unstable region increases or decreases with increase or decrease in
the values of most of the dimensional parameters of the considered aerostat. Very
little or negligible effect on stability boundaries was observed for some parameters.

It can be observed from Figs. 6, 7, 8, 9, 10, 11, 12 and 13 that the parameters
such as Ly, Ty, Lpy, Lsr, C.G. (moment arm), /, d., w, affect the stability boundaries
strongly while the parameters such as Lc,, Hc, Hp and H, have very little or
negligible effect on the stability characteristics/boundaries of the aerostat. It can be
observed that the decrease in L, (the horizontal component of distance between RP
and BCP) decreases the unstable region while decrease in T, (the vertical component
of distance between RP and BCP) increases the unstable region (Fig. 6a, b). The
change in horizontal (L.,) or vertical (H ;) component of distance from RP to COM
has very little or negligible effect on the stability boundaries (Fig. 7a, b). Increase
in the value of horizontal component of distance from RP to COB (L) and COM

70

o

60
50

40
UNSTABLE

V (m/s)

30 &

Ltr (m)

o

100

80

60

V (m/fs)

40 UNSTABLE

-

Ttr (m)

Fig. 6 a Effect of L, on longitudinal stability boundary b Effect of 7', on longitudinal stability
boundary
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Fig.7 a Effect of L., on longitudinal stability boundary b Effect of H., on longitudinal stability
boundary

of structure (L) decreases the unstable regions while the vertical components (Hp,
and H,) have negligible effect (Figs. 8a, b and 9a, b).

Reduction in tether cable length (/), cable diameter (d.) and cable weight (w,)
leads to the reduction in the unstable region (Figs. 10, 11 and 12). Increase in the
horizontal tail moment arm reduces the unstable region (Fig. 13).

5 Conclusion

Longitudinal stability analysis and effect of variation of geometrical parameters on
longitudinal stability boundaries for a balloon tethered in a steady wind has been
presented. Equations of motion of the considered aerostat included aerodynamic,
tether cable, buoyancy and gravity forces along with aerodynamic apparent mass and
structural mass terms. After mathematical modeling, the roots of the characteristic
stability equation were computed and plotted for various steady-wind conditions. It
was observed from graphical presentations that the considered aerostat was stable
longitudinally. Later on, parametric trend study was carried out to show the influ-
ence of various dimensional and aerodynamic parameters of aerostat on longitudinal
stability boundaries for a wide range of steady-wind speeds. The study suggests that
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the judicious and feasible choice of various geometrical parameters can be utilized
to design a new tethered aerostat which can remain stable for a wide range of wind
speeds. The limitation of the stability analysis carried out was that the downwash
has been neglected and provides the basis for the future scope.
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CPACS LTA—Using Common Data )
Structures for Visualization and L
Optimization of Airship Designs

Carl S. Eissing ®, Alexander Richter @, and David Schlipf

1 Introduction

In this section, we present the background and objectives of our work.

1.1 Background

Powered near equilibrium aerostats, commonly referred to as airships, could and
should be a solution of future transport problems. They are eco-friendly with low
demand to infrastructure and high safety. Reassessing past designs of successfully
operated airships and optimizing preliminary designs are foundations of LTA devel-
opment.

Optimizing early designs has a huge impact on the overall cost of a project and is
at the same time cheap compared to changes made in later design phases. MDO is
a technique originated in the aerospace industry. Tools and data commonly used in
aircraft industries are not yet implemented for the use with airships. Figure 1 provides
an overview of different aircraft categories.
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Fig. 1 Overview on categories of aircraft [1]

1.2 Objectives

The first objective is to store airship data in a data structure being able to visualize the
dirigible easily and visually appealing. Also, the geometry should be parametrized
in order to perform quick changes in the geometry and to calculate properties of
preliminary designs. Consequently, this data is used for optimization in early design
phases. Optimizing one parameter with a simple cost function is the second objective
of this work.

2 Problem Definition and Formulation

First steps in designing an airship are to define its principal characteristics to fulfill
certain requirements [2]. Aircraft lighter than 15t with less than 20 passengers may
be certified as commuter aircraft [3], which comes with cheaper development and
certification costs and should be this design problems driver.

The (%) of the airships hull (also often referred to as ‘fineness ratio’) influences
both the weight and the aerodynamics of the aircraft significantly. Higher slender-
ness comes with the cost of added structural mass but influences the aerodynamics
positively.

The considered design optimization problem can thus be summarized as ‘Finding
the optimal % for an airship fulfilling the requirements of the commuter category’.

3 Methodology

This section provides details about airship modeling and the performed calculations
for estimation of parameters. The model and estimated values are then used in the
design optimization.
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3.1 Airship Modeling

Optimizing the geometry of an aircraft requires a parametric model in order to per-
form automated changes of the geometry. Solving the problem defined in Sect.2 can
be done using CPACS files and methods for the automated generation of varying hull
and stabilizer geometries.

Central model approach Storing airship data in a centralized model is possible
using CPACS [4]. CPACS is a XML-based structure developed by the DLR. It stores
the parametric description of airplane and rotorcraft geometries and several other
parameters such as mission definitions or the inputs and results of various analyses.
The idea is having one centralized model as shown in Fig. 2 that is used for different
applications. Centralized models are already established in different fields and have
been used by airplane and helicopter manufactures for decades.

Using the CPACS data schema has the benefit of the existence of extensive libraries
that come with the data structure. When using a CPACS file following the standard
XML schema by the DLR, the TiGL Geometry Library (TiGL) C++ libraries and
associated Python, MATLAB and Java bindings use the parametric description in the
file for full three-dimensional visualization. The TiGL Libraries offer also other func-
tionalities for modification of CPACS files and computation of geometric properties
like surface area, volume or largest diameter [5].

For demonstration of the worthiness of a parametric description of airships using
a CPACS-file, a historic airship with an actual flight record has been reengineered;
see Fig.3.

Hull geometry modeling In search for the perfect submarine shape, L. Landweber
and M. Gertler developed a mathematical description of aerodynamically optimized

Fig. 2 Common Parametric
Aircraft Configuration .
Schema (CPACS) method [4] . Design Modules
. Central Model
0 L _
S0 o
.\ /. o ¢ o
@ »nn ® »2»

ad-hoc vs central

interfaces architecture
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Fig.3 CPACS geometry from areengineered LZ 120. The figure shows a geometry that is exported
to the IGES format and opened with CAD software

bodies [6]. Describing the shape of the bodies needs five parameters such as %,

prismatic coefficient c,, location of maximum thickness m, bow- and stern-radii r
and r; [1]. The equation describing the bodies shape as a function of longitudinal
distance x is a polynomial of the sixth order.

L -1
f(x)=<5> Vay-x+ay x> +as-x3 tas-x*+as-x5+ag-x6, (1)

where a; to ag can be solved with the formulations of the four other shape parameters
that are not used in Eq. (1). Summarized, this equals to

10 0 0 0 O ai 2ro
11 1 1 1 1 a 0
mm? m> m* m> mb as le
1 2m 3m? 4m> 5m* 6m° | " | a4 - 0 &
1 2 3 4 5 6 as —2r
bir b 4] e L

With the body of revolution shape given by Egs. (1) and (2), radii from a number of
sections from x = 0 to x = 1 are calculated. The width of each section is then scaled
to the model size, and the position is translated to the overall length of the model.

Stabilizer sizing A body of revolution like the one formulated in Sect.3.1 and all
other airship bodies are not stable without stabilizers as counteracting areas at the
stern. Without them, a small disturbance is already enough to turn the airship body,
and it will always stabilize in a position oblique to the direction of flow. Sizing the
stabilizers or fins of an airship is not an easy task due to the inherent instability and
complex damping characteristics. A less elaborated approach which is sufficient in
pre-design is introduced in [7].

Hull moment Munk’s approach from potential theoretical flow simulation assumes
that the lateral force distribution on the hull is proportional to the derivative of the
cross-sectional area in cross flows [7].
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The moment My, at the position of maximum thickness of the body is described
with the density of the surrounding fluid p, the velocity v, the overall volume V, the
angle of attack o and two factors k| and k,, describing the additional forces from the
movement of the hull. The moment equals to

My = 5 -0 -V - (fa = k) sin2ar 3)

The angle of attack is chosen to be 5% because drivers of the stabilizers sizing
are small obstructions while cruising. The k; and k, factors are being summarized
to the Munk factor k that can be read from a table depending on the diameter over
thickness ratio ( %), reciprocal of %, found in [8].

Stabilizing moment The induced moment from the hull requires a contradicting
moment: the moment M, induced by the stabilizer. The equilibrium of moments
is calculated with the distance from the center of volume to the so-called 25% chord
line of the stabilizer /y,, and the induced lateral force by the stabilizer Fyyp:

Mo = My
= Llstab * lstab~ (4)

Arelative value for the lever arm ,, depending on the overall length of the airship and
a fixed elongation of the stabilizers A enables the calculation of lift curve slope 88(;“
after the theory of wings with small elongation [9]. Further, the force Fy,, required
for equaling stabilizer moment and hull moment is calculated from the projected area

Ajtab projected Of the stabilizer:

§C, 2-m-A
o272 )
S 3+ A
P 3C,
Fyap = 5 : Uczr : sa o Astab,projecled' (6)

3.2 Parameter Estimation

In this section, we show drag and mass calculations using simplified assumptions.
All estimated parameters are being saved in the central CPACS model.
Drag Estimation The drag force of the airship in stationary flight with the cruise
speed of 80% of the maximum speed is used as reference drag. The flow is assumed
to be fully turbulent, which is a conservative assumption. Laminar flow is, in all cases
unlikely, looking at high Reynolds numbers being found in airship aerodynamics.
The total drag is reduced to two parts: the drag induced by the hull and the
stabilizers.
Hull The calculation of the drag is done by a number of steps, from which the first
is to determine the actual Reynolds number Re. Cruise speed, v, over all airship
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length Loy and the kinetic viscosity of the surrounding air in International Standard
Atmosphere (ISA) v are used to calculate:

Ver - LOA
. .

Re = (7
The empirical approach by Prandtl’s boundary layer theory gives a frictional drag

coefficient value of:
0.455

log(Re)2-58 ' ®)

Cw,friction =

A frictional drag force Fy fiiction 1S given by the hulls wetted surface area Apyy as
reference area, cruise speed v.;, and ambient air density p. With the before calculated
Cy friction> WE get

P2
Fy friction = 5 * Ugr * Cw friction * Apulr. 9

Applying a form factor based on geometry of rotational bodies, we can now calculate
the total drag after Hoerner [10] with the reciprocal fineness ratio % as follows:

3
Fupati = F. teise(2) 17 (2Y 10
w,hull = £'w,friction * +1.5- z +7- z X ( )

Stabilizer Stabilizers contribute the largest share of drag after the hull itself. The
reference area is the wetted surface area of the stabilizers Agup, and the drag coeffi-
cient ¢y sp 1s estimated to be 0.1. The drag force Fy, g induced by the stabilizers is
then

0
Fw,stab = Cw,stab ° 5 . UCZr . Astab- (11)

Total drag The total drag F\ o is the sum of the single shares. Gondola and other
extensions are being neglected, and only an interference share of 3% is added to the
drag. The total drag is given by

Fw,tot =1.03- (Fw,hull + Fw,stab)- (12)

Mass Estimation Aircraft masses are classified into several categories. This section
provides the classification used for the design optimization.

Operating Empty Mass The operational empty mass (mogym) includes all masses
of the airship except fuel mass and payload which are recorded separately. We use
Normand’s scaling method for estimation of the mogwm.

Burgess describes the application of Normand’s equation to estimating the sizes
and weights of airships [2]. Here, the mass of an airship design is divided into 14
weight groups. With the fixed characteristics and independent variables that need to
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be assumed by the designer, the mass of each weight group can be scaled by the
dependent variables.

J. Eissing further improved the approach by including more dependent vari-
ables [11]. He also adapted Burgess approach to a selection of real-world air-
ships [12]. Following his approach and taking the scaling parameters calculated
by averaging the real-world airships, weights from the 14 weight groups can be
estimated for a given hull shape with few parameters.

The individual masses of the weight groups m; sum up to the total mass

14
mogm = Y m;. (13)
i=1

Fuel mass The assumptions made for calculating the fuel mass are that the airship
travels with a constant cruise speed ISA at sea level. Contradicting airplanes fuel
consumption, a near equilibrium airship does not need a lot of additional power for
starting, making the assumption more valid. Also, the simulation is simplified to a
single powertrain including motor, drivetrain, gears and rotor.

Aerodynamic power Py, is given by

Paero = L'wot * Vcr- (14)

and the ratio of aerodynamic power and shaft power (delivered power) according
to [13] by
Paero

9
P, shaft

TNdelivered = (15)

Calculating Pyae with Eq. (15) and adding an overall drivetrain efficiency grivetrain
gives the required motor power that is multiplied with the trip duration #, and a
specific fuel consumption of the motor cgyer to get the fuel mass mgpe) with

Miyel = Pihatt * Ndrivetrain - Crueler * Ler- (16)

This mass is assumed as a static mass, whereas a more detailed simulation would
respect the mass loss due to fuel burn.

Payload Payload can be cargo of different kind or passengers. The monetary value
of the payload highly depends on the kind of cargo that is being transported. The
payload mpayi0aq is the mass that remains when subtracting all other masses from the
total mass mror of the airship:

Mpayload = MTOT — MOEM — Mfuel- (17)
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3.3 Design Optimization

Optimization problems are best approached with a structured method. MDO is a
systems engineering approach where a number of disciplines are considered for
solving design problems. Using CPACS has the advantage that the central-based
approach of the data format can be used in different tools of the MDO. Solving airship
design problems using MDO enables designers for a fast evaluation of different
designs.

Set up Simplicity and reproducibility are the driving forces in this optimization setup.
Using a single free variable as input of the design helps in visualizing the problem
and making it comprehensible. CPACS is a geometrically driven data format and
offers parametric description of geometries, thus choosing a geometric parameter
for a variation of the designs is consistent. Using an algorithm for creating Gertler
shapes, following Sect. 3.1 enables simple variation of the parameters used.

Variable parameter The fineness ratio is an important characteristic influencing
the appearance, weight and drag of an airship significantly.

Using the algorithm for the creation of hull shapes, we created a set of shapes
with varying % from 5 to 10 and a step width of 0.1 (Fig. 4).

Fixed parameters There are a number of fixed parameters. Table 1 lists the most
important fixed parameters. The total mass is chosen at 0.98 - 15 ¢, which is an impor-
tant limit for the certification of aircraft. Airships below 15t carrying less than 20
passengers may be certified as ‘commuter airships’.

The cruise speed is a fraction from the maximum speed. 70knots is the airspeed
justabove 12beaufort which the structure of the airship must withstand while moored
to the mast. Thus, designing an airship with lower maximum speed does not reduce
structure mass.
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Fig. 4 Variation of the hull shape with varying fineness ratio
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Table 1 Selection of important fixed parameters used in the design optimization

Parameter Symbol Value Unit

Total Mass Mot 14.7 t

Number of gas cells nge 12 -

Number of cross Ngec 50 -

sections

Cruise speed Ver 28.8 ms™!

Cruise time ter 8 h

Specific fuel Cfuel, cr 1.4 kg h~lkw-!
consumption

Cost function The cost function must depend upon the variable parameters and have
a non-discrete number as function value. The cost function calculates the payload
as the results of the airships total mass less mogym and mg,e;, which depends on the
drag. Both values drag and mogym depend on %.

L
Mpayload = S 5

L L
Mpayload = Mtot — mOEM(B) — NMfyel (B) . (18)

Optimizer The type of optimizer chosen for the given optimization problem is a
brute force (BF) optimizer. BF optimization is a method where the cost function is
evaluated at each of a given number of points. The optimal design is then found by
choosing the maximum value from all evaluated cost function points. This method
is connected to a high demand of hardware resources and needs more calculation
time for complex problems than other methods, but is a fast and simple approach for
solving optimization problems of lower complexity. The optimizing algorithm can
be simplified by the steps in Algorithm 1.

Algorithm 1 Brute force optimization.

for £ =5,...,10do
copy CPACS xml file
create gertler shape, size fins
calculate drag, mfyel, Moem
Mpayload <— Mot — MOEM — Mfuel
end for
OPTIMUM « MAX(Mpayload)
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Optimum: 3363.7kg
4,250 B
L 6,700 3,350
4,200
~3,300 =
3 -~ 6,600 &
S 4,150 - k:
- - 3,250 &
- 6,500
4,100 A
- 3,200
............... - 6,400
4,050

Fineness Ratio [-]

Fig. 5 Resulting payload and the counteractive values for operating empty mass and drag

4 Results

The airships drag force is higher at lower % values, which represents a basic rule in

aerodynamics: Slender bodies show lower drag. The drag is rising again at above 8.5
because of frictional resistance. Slender bodies do have a larger wetted surface when
we keep volume constant and more wetted surface equals more frictional resistance.

The counteracting effect is the airships mass. Here, we see an almost linear rise of
structural mass over fineness ratio. The sphere is the optimal shape in terms of surface
or structure needed to encase a volume. Deviation from the structural ‘perfect’ shape,
in this case represented by slenderness, results in higher structural weight.

The results in Fig. 5 emphasize the counteracting effects driving the design opti-
mization and the resulting payload. The optimum at % = 6.3 gives a payload of
3363.7kg.

5 Discussion and Conclusions

With the methods used, this work introduced a common data structure for airships
and further demonstrated the benefits of the data structure by performing a MDO.
Further, the designs can be visualized from the parametric descriptions. The results
are reproducible and met expected performance despite major simplifications in the
methods used.
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[cpacs/vehicles

[description [description [description

»| [reference/ | [reference/ »| [reference/
| [fuselages/ »| [fuselages/ » [hulls/

> fwings/ »{ [wings/ » /gondolas/
»| fengines/ | [rotors/ »| [stabilizers/

v

[enginePylons/

¥
v

J.frc>1.orBI.'=lc|€e.~;,|'] ,."enginesl.'"

#| /landingGears/ > ,u"engines_."l > ,u"engineF‘onnsf[

| [systems/ * ,-‘driveSystems,-" 2 {IandingGearsg"

* ,-’,genericGeumetryComponentsg’| | J."Iau'l.:'lingt'éearl."| »{ [syst ;’l

» [global/ * b ;‘genericGeometryComponents]I
b ;’anTmJ.f_‘ » > ,(global;’|

v

[ performanceRequirements/ | =

[performanceRequirements/ |

#| [configurations/ »| [configurations/

Fig. 6 A cutout from a CPACS schema showing the attributes and elements of the three vehicle
elements. Elements, that are not a copy of aircraft or rotorcraft elements, are marked in yellow.
Attributes can be recognized by the absence of a slash behind their name, whereas elements names
are followed by one, indicating that they have subordinate attributes and/or elements

We have two proposals for future work: first, an expansion of the underlying
CPACS open-source schema shown in Fig. 6 and second several ideas for the further
development of the design problem optimization:

e Adding more optimization variables.
e Using more elaborated solvers, preferably gradient based.
e Setting up a constraint optimization where the airship has to fit into a hangar.
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Airship Sling-Load Operations: A Model m
Flight-Test Approach i

Johannes Eissing®, Carl S. Eissing(®, Erich Fink, Martin Zobel,
and Florian Antrack

1 Introduction

This section first provides background on the topics being discussed in this paper
and continues with the objectives.

1.1 Background

Backgrounds crucial for following the conducted research is given in this section. It
starts with technical background on airships, followed by operational backgrounds
on aircraft cargo, and concluding with background on the control and operation of
airships.

Airships Airships, as a means of transportation, are not a new idea. Historic exam-
ples showed that high payloads can be reached with significantly higher transport
efficiency compared to airplanes and rotorcraft [1]. Vertical Take-Of and Landing
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Aerodyne (HTA) Aerostat (LTA)

’ Fixed—Wing‘ ’ Rotary—Wing‘ ’Hybrid Airships‘ ’ Unpowerd‘

Powered (Airship)

’ Free balloons‘ ’Tethered Balloons‘ ’ Rigid‘ ’Pressure Airships‘

Fig. 1 Overview on categories of aircraft [2]

(VTOL) capabilities are also given with Lighter-Than-Air (LTA) systems. Reducing
emissions is a focus of this century, and something airships can help to achieve.
Figure 1 shows the taxonomy of aircraft.

Near equilibrium airships There are several classes of LTA vehicles, portrayed
in Fig. 1. This research does only consider dirigibles, which means powered, near
equilibrium aircraft, called airships. The considered subclass of aircraft is indicated
in Fig. 1 by yellow color. Near equilibrium is the capability of achieving zero static
heaviness during normal flight operation, meaning that such airships float in the air
like fish or submarines in water. An airship heavier than the displaced air sinks to
the ground, an airship lighter than air rises until it reaches the height of aerostatic
equilibrium.

The inherent safety feature of near equilibrium airships facilitates certification.
Even an ‘all engines inoperative’ incident leaves the airship safe and controllable as
a balloon. The consequences of an airship flying in balloon mode are far from the
consequences of heavier than air vehicles urgent need for a landing site. Because of
this inherent safety feature and the low noise emission, airships could be the preferred
air transport system for flights over sensitive areas like areas with a high population
density or integrated natural reserves.

Static heaviness A certain degree of deviation from the equilibrium weight is
tolerable and can be trimmed using ballast and aerodynamic effects. This tolerable
degree is referred to as the static heaviness. Static heaviness for near equilibrium
airships has been demonstrated ranging from —5 to +10% of the airships design
equilibrium weight. Static heaviness will be used in this document as a reference to
categorize the different types of cargo.

Cargo Cargo is transported goods onboard of vehicles. Different kind of cargo needs
to be described in order to understand the transport problem [2]. Due to the nature
of LTA technology, the types of cargo can be referred to the static heaviness of an
airship. Bottlenecks for transportation are load exchange and maneuverability during
the load exchange procedure.

General cargo Pallets, barrels, or bags in larger dimensions, and also standardized
container frequently used in aviation, are typical break bulk cargo. Single bits of cargo
are usually within the static heaviness of an airship. Single cargo items lighter than
the static heaviness can be loaded or re-loaded unit by unit. Each unit dropped needs
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to be replaced by a corresponding cargo or ballast mass. Loading and unloading of
such cargo is common practice in LTA operations.

Passenger One of the ‘cargo’ types that is currently transported commercially suc-
cessful via airships are passengers. Zeppelin NT flies several airships in collaboration
with the Commercial Air Transport (CAT) operators Deutsche Zeppelin- Reederei
(DZR) and Michelin in Friedrichshafen.

Passengers are from the loading procedures point of view similar to general cargo.
They are usually lighter than the static heaviness of an airship. Passengers can easily
be exchanged with other passengers or ballast. Standard procedures exist. Their
‘self-loading capability’ is an advantage against general cargo. There are on the
other hand disadvantages like comfort and safety requirements, that have a strong
impact on aircraft certification and thus on direct operating costs.

Bulk cargo Cargo that does not come in discrete numbers or packet numbers is
referred to as bulk cargo. A continuous process of loading or unloading and ballasting
is necessary. Three different types of bulk cargo can be identified.

First, there is gaseous cargo, for which there are no procedures existing today that
consider the special requirements coming with handling mostly flammable gaseous
cargo. Still, transporting natural gas or hydrogen via airship is an interesting topic
and might become important.

The second kind of bulk cargo is so-called dry trade like gravel, ore or agricultural
bulk solids like grain.

‘Wet trades’ like oil, agricultural fluids or fuel are probably the most established
bulk goods, as refueling is a necessary part of operation. Procedures have been
developed both for moored and untethered ‘in-flight’ refueling.

Heavy loads Loads that excessively exceeds static heaviness are defined as heavy
loads. In recent airship projects, special interest has often been transportation of
heavy loads. Heavy loads are often outsized and strain existing infrastructure due
to high punctual forces and larger than usual dimensions. LTA operations could and
should be a viable solution for heavy loads, especially in remote areas without or with
insufficient infrastructure. Examples of heavy loads are large wind energy converter
compounds or surgical wood extraction from forests.

Operation modes Both the aircraft control and the control of load hooks have dif-
ferent states, referred to as ‘flight modes’ and ‘hook modes’.

Flight modes Modern airships often use different flight control modes, ‘cruise
mode’ during free flight and ‘hover mode’ during landing and loading operation.

During cruise mode, efficient power usage and stable flight are the most important
goals. They are being achieved by properly designed stabilizers and powertrain of
the airship.

Hover mode requires the airship to hold a precisely controlled position. Land-
ing or masting and un-masting operations, but also sensor measurement missions
and loading operations are driven by position control, which is crucial during those
operations.

There are different concepts of how the two flight modes are being implemented,
but all modern airships distinguish the two modes. Depending on the deployment
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scenario of an airship design, emphasis on one of the modes determines an airships
propulsion configuration.

Hook modes Helicopter cargo hooks function as ‘cargo release units’, allowing for
remote controlled cargo release. Such systems, mostly of electromagnetic type, are
certified for use in Helicopter External Sling-Load Operation (HESLO) [3]. Airship
External Sling-Load Operation (AESLO) is going further than HESLO with two
exchanged loads instead of one and in consequence two hooks that need to be con-
trolled separately. Introducing two hook modes is important to address certification
requirements.

1. Hook mode 1: Load 1 stays
2. Hook mode 2: Load 2 stays.

At some point during loading when both loads are loaded, the Load Master onboard
the airship or on ground decides to switch the hook mode. Doing this, free flight
condition can always be achieved in a short amount of time.

1.2 Objectives

Objective of this research is focused on how load exchange with near equilibrium
airships can be performed. To the knowledge of the authors, proposed solutions
aiming at similar targets have not been demonstrated successfully yet, or did not
meet certification requirements. We see different viable approaches and want to
demonstrate one promising idea on how to do load exchange operations beyond
allowed static heaviness viable for airships.

The research should also identify weaknesses and critical points in load exchange
procedures.

2 Problem Definition and Formulation

Especially loads excessively beyond static heaviness are of interest to us. Heavy
loads introduced in part 1.1 do always require a special load exchange and may at
the same time influence the airships’ maneuverability negatively. Load exchange
procedures have been proposed before, for example in two patents of the company
CargoLifter [4, 5], but they potentially fail to correspond certification.

Furthermore, heavy loads often exceed an aircraft storing room dimensions. The
solution of external transport may affect maneuverability negatively.
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2.1 Load Exchange and Certification

The idea of loading LTA is to keep the Operating Mass (OM) at the same level at all
times during operation. In particular, OM should not change beyond allowed static
heaviness. When loads exceeding this limit are being dropped or taken, a load with
the same mass needs to be exchanged with that load. With heavy loads, the question
arises of how this should be achieved. Dropping a very heavy load consequences in
a skyrocketing airship which becomes a large threat for pilots, crew and air traffic.
Mitigating said risk is aim of this research.

Airship certification does also require to avoid the opposite state, that an airship
is bound to the ground by large masses. The original citation of the certification
specification is: ‘During any cargo exchange [...] the airship must be capable of
achieving a safe free flight condition within a time period short enough to recover
from a potentially hazardous condition’ [6].

There are two cases, where aborting the loading procedure and achieving free
flight condition as a safety measure against hazardous condition seems difficult. The
first case is, when the ballast as well as the cargo are loaded onto the airship at the
same time. The airship is only able to achieve free flight condition after loosing one
of the two, which seems difficult to achieve in a short period of time.

The second case is when neither ballast nor cargo is loaded, and the airship is
leashed to the ground like proposed in CargoLifters’ patent [5]. Cutting the ropes in
a hazardous situation might get the airship safe from the hazard, but achieving free
flight while being significantly lighter than air is not possible and poses a great risk
and danger as well.

2.2 Maneuverability

Aim of this research is to improve the maneuverability during load exchange opera-
tions. Maneuverability reduces risks in ground operations as well as the size and thus
cost of the ground crew. Pilot workload is lessened, which is required by certification
specifications.

Classical airships like the Zeppelin LZ-120 ‘Bodensee’ required large numbers
of ground crew [7], for it is low speed maneuverability was not sufficient to direct
the airship towards the wind. Contemporary blimps like the ABC A60, A150, and
A170 are smaller, but still need dozens of ground grew. More modern blimps like
the Skyship 500 and Skyship 600 feature vectored thrust. This makes them VTOL
capable, but still ground crew is needed to direct the airship toward the wind, as low
speed rudder efficiency is not sufficient. Due to a stern lateral propeller and vertical
propeller, the Zeppelin NT can direct itself toward the wind in low speeds. Dynamic
positioning with no speed at all still remains a challenge.
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-

Fig. 2 Onboard Systems’ MD500 Dual Cargo Hook kit with Y-rope [8]

3 Methodology

Two steps will demonstrate development of systems and operations of a load
exchange procedure for heavy loads with near equilibrium airships. First, a sling
load operation is introduced. We then proceed by performing and testing the opera-
tional handling. For this purpose a specially developed and built airship model will
be used.

3.1 Sling-Load Operation

The well known and often performed procedure Helicopter External Sling-Load
Operation (HESLO) is being explained, and its working principal will be transferred
to Airship External Sling-Load Operation (AESLO).

HESLO Loads, that cannot be carried inside a helicopter because of their dimension,
position on ground or weight, are being carried externally using hooks and sling
leashes. Loading and unloading of the load does not require the helicopter to land
and thus happens in hover. Outside the rotorcraft, structural elements connect one or
two cargo hooks or hoists operated by the pilot [3]. Figure2 shows an example of
such helicopter hooks.
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Fig. 3 A Sikorsky Skycrane carrying an accommodation

The lift of a rotorcraft is exclusively aerodynamic lift from the rotor. As long
as a load does not exceed the maximum payload of a given vehicle it is capable of
carrying it. HESLO is a well established procedure with many applications. Figure 3
shows an eccentric example of using HESLO.

AESLO AESLO is the proposed and favored term of an operation that is oriented
on HESLO, but considers the characteristics of airships. Two sling-loads and cargo
hooks are what is needed when performing an AESLO. Both, delivery load and
return load, are being carried by slings. In advance of an AESLO two loads have to
be prepared, one attached to the airship and the other waiting on ground.

The proposed cargo loading and unloading operation consists of the following
steps and is visualized in Fig. 4:

1. Airship approaches in cruise mode with two slings, hook 1 holds the delivery
cargo. Hook mode 1, described in Sect. 1.1, is active.

2. Airship arrives at the pick-up destination and changes from cruise mode to hover
mode.

3. In hover mode, dynamic positioning is used to place the airship precisely over
the spot where the delivery load is to be placed. The load is placed on the ground,
and the airship moves over the return load.

4. Return cargo is being loaded by the empty sling, held by hook 2.

5. Change hook mode. Hook mode 2 is active.
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Fig. 4 Step-by-step AESLO operation

6. The delivery cargo is being unloaded and disconnected from the sling.
7. Airship changes from hover mode into cruise mode again, and leaves the loading
site.

A critical point in load exchange operation is the certification requirement
described in Sect.2.1. To ensure the safety of the Operation and optimize the time
until cruise mode is regained, a Load Master must monitor the load exchange and
switch the hook modes.

In case of an event that makes evacuation necessary while both loads are loaded,
one of the loads needs to be disconnected from the airship. During load exchange,
the ‘Load Master’, introduced in Sect. 1.1, decides which load to cut in case of
emergency. It is also the Load Masters responsibility that one load is connected to
the airship at all times.

It is crucial for this operation that either the delivery or the return load is attached
at all times. During load exchange, it is the Load Masters responsibility to decide,
which load is to cut in case of a hazardous event by controlling the hook modes.

3.2 Model Flight-Test

Model flight tests allow statements about the performance of an aircraft in early
design phases. In this section, similarity principles in smaller scale model testing are
mentioned. It is continued with the test set-up and preliminary description of the test
model to be built. The section concludes by describing the test runs, using the test
set-up and airship model.

Similarity Principles Model test, in towing tanks, cavitation tunnels or in this case
open environment, require special focus on the similarity principles. Froude’s Law [9]
gives a good estimation on the different units scaling. When building a model, geo-
metric dimensions scale linear. Other dimensions however, like the time, angular
rates, and frictional drag do not scale linearly. The units individual transformation
from full size to model size needs to be considered in all model studies.
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Fig.5 Airship ‘Starocore’ at the fair and exhibition Faszination Modellbau 2021 in Friedrichshafen.
First AESLO Trials have been performed with this Airship model

Test set-up For the test procedure, a simpler set-up than described in Sect. 3.1 ensures
conducting of the model test with focus on general feasibility. Concepts like the hook
mode are named to prove the certification capability of the concept, but are not being
investigated in this model flight test. Setting up a test for AESLO requires a model
airship capable of precise positioning, carrying two attached cords below the center
of buoyancy of the model. Furthermore, two loads of equal mass are required. The
loads are attached to cords via manually operated hooks.

Model Main object of the AESLO model flight test is an airship model. The model
should have enough buoyancy to carry a payload that exceeds the static heaviness
significantly. Further, the model needs to have precise positioning control when in
hover mode.

Propulsor configuration Experiences with airship models have shown that a
propulsion set-up with four thrusters on pivoted pods can fulfill this requirement [10].
Figure 5 shows the model airship Starocore that has been built by this principle. The
four pivoting thrusters are clearly visible in the Figure. The model showed good
maneuverability in both hover and cruise mode but does not have enough volume to
carry additional loads that exceed static heaviness.

Control Performing load operations requires hover control different from cruise
control. This mode aims at easy precision hovering instead of stable flight. The
different control modes can be implemented in the remote control running openTX.
A switch is used to change flight modes. Figure 6 shows the controller layout on an
openTX remote control for cruise and hover mode. We want to emphasize that the
throttle in hover mode is being set permanently. This is necessary because an AESLO
requires permanent thrust during the operation.

Test runs The model flight test follows AESLO from Sect. 3.1, displayed in Fig. 4.
The total thrust vector of the four distributed propulsors of the airship is indicated by
ared arrow ( 7 ) indicating the estimated direction and magnitude of thrust. The
steps from the figure in detail are the following:

1. Payload A is attached to airship via sling A. Airship approaches payload B in
cruise mode and changes to hover mode.
2. Payload A is lowered to the ground at loading site of payload B.
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Fig. 6 Control sender configuration in cruise mode (left) and hover mode (right)

Airship moves over to payload B. Remote hook B is hooked to payload B.
Both slings are tense. Switching hook mode.

Airship moves toward payload A. Remote hook A is unhooked from payload A.
Airship moves over payload B.

Airship lifts off loading site. Flight mode change from hover mode to cruise
mode.
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Performing several recorded runs using an airship model generates the data nec-
essary for evaluation of the proposed load exchange operation.

4 Results

A model as proposed in Sect. 3.2 has been built and named ‘Hui Hui II’. Initial tests
were performed in Berlin during the annual ‘ELRT’ event of the Technical University
Berlin (TUB). The airship was built resembling its predecessor ‘Hui Hui’ which flew
in Friedrichshafen in 2021 during the FAI CIAM Open International Competition
F7B Model Airships. The models’ configuration performed well under competition
constraints, both in cruise and hover mode. This track record and the possibility of
reusing electronic components lead to the resulting airship model. The Hui Hui II is,
however, equipped with a larger envelope, while using the same propulsion system.

4.1 Cruise Mode

Handling qualities in cruise mode were as desired. Stability and controllability were
perfectly given. The airship has been flown with a payload of 20% of the overall
weight. When decelerating, the airship tended to pitch nose down. This tendency
could easily be counteracted by elevator deflection.
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Fig. 7 Close-up of the airship model used. The pig-leg configuration of the propulsion system
allows dynamic positioning of the airship

4.2 Dynamic Positioning

Dynamic positioning capabilities are crucial for load exchange operations. At the
same time, we had the largest difficulties with the airship operating in hover mode.
This chapter discusses the controllability by degrees of freedom and proceeds with
the operational observations made during the different phases of the flight test.

The two front propulsors provided constant thrust backwards and the rear propul-
sors provided constant forward thrust during hover mode. This ‘pre-tension’ provides
quicker change in forward-backward direction, as compared to reversing the thrust
of all four propulsors (Fig. 7).

Controllability Controllability in all six degrees of freedom has been observed as
follows:

Surge (forward/backward) In cruise configuration, the design direction of the
propellers has been set to forward thrust at forward speed. In hover configuration,
the front propulsors were not swiveled backwards by 180 °C, but operated in reverse
RPM. That means the efficiency of the propellers is largely reduced, as the propeller
blades operate with reverse camber, and reverse profile sections. As a result, the
airship developed more thrust in forward direction than in backward direction, when
the propellers were set to equal RPM.

Sway (crabbing, or side wards motion) Crabbing ability has been proven poor,
due to the large lateral added mass, and cross flow drag.

Heave (up/down) Heave control was satisfactory, while the asymmetric propeller
settings provided additional workload to the pilot.
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Roll Roll control in hover mode in this propulsion configuration is not possible,
while considered not necessary.

Pitch Pitch control has not been investigated in depths during these tests. However,
the airship reacted to pitch-up and pitch down commands.

Yaw (heading) Yaw control was satisfactory, while considerably less agile than
with the predecessor airship ‘Hui Hui’. This is due to the larger momentum of inertia,
and higher yaw-damping due to the larger size.

Sway-yaw coupling When attempting to sway (crab), the airship developed an
additional uncommanded yaw motion. This tendency is assumed to result from both,
the cross flow drag of the empennage, and from the lateral added mass of the empen-
nage. The two effects provide a forward-backward non-symmetry, leading to said
sway-yaw coupling both, in steady- and in accelerated motion.

The human-machine interface, namely the mixer programming of the remote con-
trol transmitter, proved to deserve more intuitively operable settings. Several ‘modes’,
as known from model aircraft remote control transmitter settings, are possible. The
main challenge in this particular case might be the two very different modes of opera-
tions, namely, cruise and hover. Additionally, airships behave considerably different
as compared to airplanes and helicopters or multicopters.

Operational observations During the test phases we made the following observa-
tions (Fig. 8).

Phase 1., Approach The workload to the pilot was low in cruise. When deceler-
ating, a nose pitch down tendency has been observed. However, without high pilot
workload, this tendency could be counteracted. Keeping the airship in position was

Fig. 8 The landing site is indicated by an ‘A’ for airship and marked with a two by two meter
square and a smaller one by one meter square allowing for a rating of maneuverability. Both cargo
loads, one attached to the airships sling and one at the loading site, are equal in weight
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only possible by high pilot workload. Reason is considered the above-mentioned
forward-backward non-symmetry in thrust, as well as poor crabbing ability, and the
sway-yaw coupling.

Phase 2., Land When touching the ground too fast, the sling occasionally became
slack. This led to bouncing of the payload from the ground. In full scale, this behavior
might lead to high slack loads in the sling.

Phase 3., Load When trying to hover over return load 2, it proved difficult to keep
load 1 stuck to the ground. Load 1 tended to get dragged along, as it proved tricky
to keep the desired sling tension. However, the ‘Ground Crew’ attached sling hook
2 to return load 2.

Phase 4., Tethered This was the easiest part. In full scale, the pilots’ task was to
keep the airship aligned against the prevailing wind direction. As in the model test
there was no wind indoors, the pilot workload was close to zero.

Phase 5., Trim Same as in Phase 3., Load, the difficulty here was in keeping the
desired sling tension. If the tension in sling 2 got too high, Load 2 got dragged along
instead of staying in position.

Phase 6., Unload As soon as hook 1 was released, Load 2 tended to bounce.

Phase 7., Depart Comparable to Phase 1., Approach, the pilots’ workload was
low, as the handling qualities of the airship were uncritical.

5 Discussion and Conclusions

A load exchange procedure for near equilibrium airships has been proposed by the
authors. The loads considerably exceed operational static heaviness. The procedure
resembles proven HESLO, adapted to near equilibrium airship airworthiness require-
ments.

Three bottlenecks have been identified for such operations, namely, low speed
maneuverability, involved systems, and the operational procedure itself. To comply
with low speed maneuverability requirements, a propulsion configuration has been
proposed that has proven successful in numerous model flight tests. The proposed
load exchange system is an external two-sling configuration, as known from HESLO.
We attempted to demonstrate the operational procedure in a model flight test program.

5.1 Discussion

The model flight test program indicated the general feasibility of the proposed
approach. However, some challenges have been identified that must be addressed
in further research:

Forward-backward non-symmetry of propulsor thrust in hover configuration The
non-symmetry in forward-backward thruster configurations proved to increase the
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pilot workload. This can easily be addressed by, e.g., swiveling the forward thrusters
backward for cruise mode. Variable-pitch propellers might also provide a solution.

Sling tension monitoring To prevent bouncing and dragging of the load, the sling
tension must be monitored and controlled more closely. Hoists, operated by the load
master might be a solution, but add complexity and weight. A spring-balance, visible
to pilot and ground crew, might provide a pragmatic solution.

Sway-yaw coupling Yawing due to sway proved to increase pilot workload. How-
ever, this issue can be addressed even without an autopilot, by mixing laws for control
inputs.

Human machine interface Many different modes are possible for inceptor arrange-
ments. It might be advisable, though, to align with helicopter control input arrange-
ments, as known from manned operations.

5.2 Conclusion

The feasibility of heavy cargo load exchange by near equilibrium airships opens
a wide range of air cargo operations, where low speed is permittable. Significant
fuel savings can be achieved, meaning drastic cuts in emissions, while increasing
range and endurance considerably. In the same time near equilibrium airships can
be operated with no downwash, making ground operations much easier and safer,
providing enhanced acceptance by authorities and local residents. While challenges
became evident during the model test program, pragmatic solutions are in sight,
encouraging further investigations in this encouraging approach to future sustainable
air transport.
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Optimization of TPU/TiO; Films Using )
UV Additives for Improved Weather oo
Stability of LTA Hull Materials
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and S. Wazed Ali

1 Introduction

Lighter than Air (LTA) systems work at very high altitudes in the stratosphere, where
they face harsh weather conditions, thereby imposing significant challenges for the
material to be used in LTA systems. The material should withstand damage due
to high aerodynamic stresses [1]. The confrontation to hull bending moments that
cause hog and sag moments in surface airships is deeply rooted in the strength of
the fabrics. Also, it decides the largest feasible size of LTAs. Fabrics made of high-
performance fibers, viz. Kevlar, Vectran, Zylon, spectra, etc., have been used, but the
major limitation lies in their inferior UV performance that ultimately affects the life
of LTAs. Hence, the UV performance of hull material is a big concern.

To overcome such challenges, various researchers have developed coated and
laminated materials for aerostats and airships [2-6]. As high-altitude LTAs must
stay aloft during their deployment required for mission persistence as well as to save
time for inflation and deflation. Helium detainment in high-pressure airships is a
tedious task as helium being a tiny molecule can diffuse through hull material very
quickly. UV rays can generally be subdivided into three regions, as shown in Fig. 1
[7].

Various organic and inorganic UV shielding agents can be used considering the
deteriorating effect of UV rays on polymers in coatings. Moreover, some studies
reported the use of metallic and reflective coatings. The present UV barriers used
are inadequate at higher altitudes. Inorganic UV protecting agents mainly consist of
semiconductors such as TiO,, ZnO, SnO,, CeO,, etc., as shown in Fig. 2, and these
can be multifunctional in nature. These types of agents are also well known for their
non-toxicity and eco-friendly nature as compared to organic ones [8].

B. Rana (<) - N. Mandlekar - S. Tomar - M. Joshi - S. W. Ali
Department of Textile and Fibre Engineering, Indian Institute of Technology, Delhi 110016, India
e-mail: Bharti.Rana@textile.iitd.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 53
D. Shukla (ed.), Lighter Than Air Systems, Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-19-6049-9_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6049-9_4\&domain=pdf
mailto:Bharti.Rana@textile.iitd.ac.in
https://doi.org/10.1007/978-981-19-6049-9_4

54 B. Rana et al.

Fig. 1 Subregions of UV

rays
y UV Regions

uv-c UV-B
(200-280nm) (280-320nm)

UV-A
| (320-400nm)
Fig. 2 Types of UV

shielding agents UV Shielding

Agents

Organic
(Benzotriazoles,

Inorganic
(Metal oxides:
benzophenones)

TiO,, Zn0O,Sn03)

TiO; has gained much attention as it is non-toxic, chemical stable at high tempera-
tures, and stable under UV exposure. It shows good scattering or reflecting properties
due to its high refractive index. Additionally, it can also absorb UV rays as it is semi-
conducting in nature which is advantageous for aerostat applications [9]. Yang et al.
have demonstrated the improved mechanism of TiO, as UV resistant additive [10].

Liu et al. have formulated the coatings consisting of Titanium dioxide and organic
UV blockers for the application of UV protection in Vectran fibers to be used
in airships. Classification of organic UV absorbers is shown in Fig. 3, and these
generally support the polymer matrix to impart good UV resistance properties.

Benzotriazole (UV-1130) showed high UV absorbance in the range of 300—
385 nm. Triazine (Tinuvin®477) UV absorber exhibits broad UV resistance in the UV
range from 280 to 380 nm. Hindered amine light stabilizer (HALS) (Tinuvin®123)
is supposed to be added along with other UV additives [11].

A similar work based on PU films consisting of antioxidants and composite stabi-
lizers has been carried out by Wang et al. Antioxidant-based PU film was proven
to provide anti-yellowing properties while composite UVAs-based PU film showed
improved weathering properties toward UV and ozone [12]. Reflective metallic coat-
ings have also been explored to be used as a UV-protective layer but limit their use

Fig. 3 Classification of .
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organic UV absorbers used N
in coatings s
g “Hindered Amines | Benzophenones

— = Organic —
. UVAs
~

Triazines - _ Salicylates
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due to adhesion problems and tear propagation over a long time. However, PU has
been chosen as a universally accepted material to provide resistance to weathering
[13].

Current work is based on developing the polymeric films based on polyether-
based Thermoplastic Polyurethane (TPU) along with UV absorber, AO, and HALS
at various concentrations and on obtaining optimized formulation. The objective
of this work is to compare the films and assess them for improving their weath-
ering performance against UV rays in terms of UPF, gas transmission rate (GTR),
yellowness index, etc.

Various classes of organic UV absorbers along with inorganic one has been
explored in current work to improve the UV resistance of LTA envelope material.
However, to the best of the author’s knowledge, limited work on the systematic study
is available on the optimization of formulation for polyether-based thermoplastic
PU coatings that incorporate organic UV absorbers along with Titanium dioxide.
Hence, this study is dedicated to enhance the weathering resistance of hull material
for aerostats and airships using an optimized concentration of UV absorbers in the
coating formulation.

2 Methodology

2.1 Materials

Polyether-based TPU (Aliphatic grade) supplied by Covestro, India, has been chosen
as polymeric material for the coating matrix. White rutile TiO, (Mol. Mass =
79.87 g/mol) supplied by Merck Life Sciences Private Limited, Mumbai, India, has
been used as an inorganic UV blocker. UV absorber, Hindered amine light stabilizer,
and antioxidant purchased from CLARIANT, India, were added to the films. The
molecular structures of these materials are shown in Fig. 4.

2.2 Method of Preparation of Films

TPU films of thickness 150 . were prepared using the solvent cast method. The total
loading of all materials was kept at 10%. DMF has been used as the solvent. UV
absorbers were sonicated using BRANSON-3800 sonicator for about an hour well
before their use to improve their dispersion in the polymer matrix. TPU is added
gradually into the solution to avoid agglomeration, and the solution is then kept for
magnetic stirring at 40 °C for 12 h to achieve the desired viscosity. Table 1 gives the
concentration of different materials used in films named F1, F2, F3, F4, and F5 for
the experiments, as shown in the table below. Films were then dried for 24 h and get
tested for different properties.
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Fig. 4 Structure of a antioxidant, b benzotriazole-based UVA, and ¢ hindered amine LS [14, 15]

Table 1 Composition of TPU films

Material used FO F1 F2 F3 F4 F5
TPU (%) 12 12 12 12 12 12
TiO2 (% owp) 0 3 5 7
UVA (% owp) 0 3 1

AO (% owp) 0 3 1 2 3 1
HALS (% owp) 0 1 1 1 1
Total loading (% owp) 0 10 10 10 10 10

2.3 UV-VIS Spectroscopy

UV-VIS Spectroscopy of the UV absorber was done at the concentration of 0.001,
while HALS and antioxidants were analyzed for UV-VIS spectra at 0.002% individ-
ually using UV-1900i UV-Vis Spectrophotometer. Also, the UV-VIS Spectra were
analyzed for the solutions of the mixture of UVA, HALS, and AO at the concentration
of 0.002%. Spectra of absorbance verses wavelength were obtained.

2.4 Fourier Transform Infra-Red Spectroscopy (FTIR)

FTIR spectra of the prepared film before and after weathering were obtained to
identify the chemical interactions present in the structure of sample materials. This
analysis is carried out using Nicolet iS50 Thermo Fisher spectrometer in attenuated
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total reflection (ATR) mode choosing ZnSe accessory. Number of scans taken were
64. The range of wavenumber considered is 500-4000 cm™!.

2.5 Artificial Accelerated Weathering

All the prepared TPU films were exposed for 200 h in an artificial weathering instru-
ment, i.e., Xenotest 440 ATLAS, to simulate the natural exposure at higher altitudes
in the stratospheric environment as per the testing standard used is ISO 4892-2. The
optical filters used were XENOCHROME 340 nm. UV exposure of TPU films was
done for 200 h in accelerated conditions. The cycle gets repeated after every two
hours, i.e., dry cycle for 1 h 42 min under UV irradiance 0.5 %+ 0.02 Wm~2 nm~!
and wet cycle for 18 min under UV irradiance 0.51 £ 0.02 Wm™2 nm~! with the
temperature of the black panel at 65 & 3 °C and chamber temperature at 38 + 3 °C,
RH of 50 + 10 %.

2.6 UPF Measurement

The evaluation of resistance to UV is calculated in terms of UV Protection Factor
(UPF). UPF of TPU films was determined using the LABSPHERE instrument as per
the testing standard AS/NZS 4399:2017. The wavelength range was kept between
290 and 400 nm. It measures the UV light transmitted or blocked by films. The
fraction of UV rays blocked in UV-A and UV-B regions is calculated along with
the mean value of UPF. Testing of films was carried out before and after artificial
weathering of specimens, and a UPF rating was given.

S0 EL X S x AL

UPF = 5
D itago EA X SA x TA x A

(D

where EA represents relative erythemal spectral effectiveness

SA = solar spectral irradiance
A) = measured wavelength interval (nm)
Tx = average spectral transmittance of the specimen [9, 16].

2.7 Yellowness Index

SS5100 H is a dual-beam spectrophotometer used for color measurement. The wave-
length range selected was 360 to 700 nm. The yellowness index is calculated as per
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the testing standard ASTM E-313 before and after exposing the specimens to artificial
weathering. The control sample is a neat TPU film used in the testing instrument.

2.8 Gas Barrier Measurement

Materials to be used in LTA systems should have low helium gas permeability to
improve their life. Hence, it is an important property to measure. Helium gas perme-
ability of prepared films was evaluated using CLASSIC 216 gas permeability tester
by LABTHINK as per the testing standard ASTM D1434. Results can be obtained
for gas transmission rate (L/m?/24 h). Testing gas between the two sides will form
a pressure difference of 0.1 Mpa. Test area of sample is 38.48cm?. GTR can be
calculated using the following Eq. (2).

V. dp

GTR = X
AXRXT x Pu dr

@)

where Ve represents the volume of the low-pressure side

T is the test temperature (thermodynamic temperature)

A is the effective transmission area

dp/dt is the pressure variation on the low-pressure side per unit time after the
transmission becomes stable

R is the gas constant.

2.9 Tensile Testing of Films

According to the test method, ASTM D5035, the INSTRON testing machine was used
to determine the tensile strength of TPU films. It measures the force and elongation
at break. The samples prepared were of dimensions 10 x 2 cm. The tests were
performed at the extension rate of 300 mm/min and a gauge length of 5 cm. Values
for breaking strength in kgf/5 cm were then calculated.

3 Results and Discussion

3.1 UV-VIS Spectroscopy

UV spectra of UV absorber, AO, HALS, and the mixture of UVA, AO, and HALS
were obtained as shown in Fig. 5a, b, c, d, respectively. From Fig. 5a, UVA can be
considered to absorb the UV-A and UV-B region, i.e., from about 300 to 400 nm.
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Fig. 5 UV spectra for the solution of a UVA, b AO, ¢ HALS, and d combination of UVA + AO
+ HALS

UV absorber gives maximum absorbance at approximately a wavelength of 350 nm
due to the presence of benzotriazole in its molecular structure. Figure 5b shows that
AO gives broad UV absorption from around 250 to 350 nm with Amax at 300 nm
due to the presence of the oxalanilide group, while HALS gives narrow UV spectra
in the UVC region, i.e., from about 205 to 250 nm with Amax at 210 nm as shown in
Fig. 5c. It is generally preferred to use UVA along with HALS as it acts as a radical
scavenger. Figure 5d demonstrated that a mixture of UVA, AO, and HALS covers a
broad range of UV spectrum from 250 to 400 nm with enhanced absorbance values.

So, itis suggested to use AO and HALS along with UV absorbers to synergize the
effect of all for improved weathering resistance, although these organic UV absorbers
have limited life and their performance got deteriorated due to photo-oxidation after
prolonged irradiation of UV light; hence, these UVAs can be explored with inorganic
UV absorbers.

3.2 Fourier Transform Infra-Red Spectroscopy

Before weathering, neat TPU film and hybrid films were analyzed for Fourier Trans-
form Infra-Red (FTIR) spectroscopy in attenuated total reflectance (ATR) mode. The
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Fig. 6 FTIR Spectra of TPU films before weathering

spectrum obtained is shown in Fig. 6. The peaks at 3327 cm™! in FTIR spectra show
(-NH-) stretching, solid and broad spectra at 2856 and 2943 cm™! show alkane
(—CH,-) stretching. The peak at 2275 cm™~! shows urethane (-NCO-) linkage. The
bands at 1704 and 1072 cm™! show dissociative (-C=0-) of the amino group in
carbamic acid, and 1600 cm~' shows (—CN-) linkage that confirms the presence of
urethane structure in TPU film.

The peak at 1220 cm™! shows (-C—-O-C-) symmetric stretching of the ether
linkage. The peak at 645 cm™! indicated the presence of (~TiO-) metal oxide bonds
in the film. FTIR spectra overlap for all hybrid TPU films; the bands at around
765 cm~! show (~CH-) bending vibrations of benzotriazole benzene ring present in
the structure of UV absorbers.

Neat TPU film and hybrid TPU films were compared, and it can be clearly observed
from Fig. 6 that there is a decrease in transmittance % and thus ensuring good UV
absorbance in the hybrid film that consists of UV absorbers along with antioxidant
and light stabilizer. FTIR spectra of films after exposure to accelerated weathering are
shown in Fig. 7. It can be clearly observed that the peak at 2275 cm™! is completely
vanished after weathering in all films. It demonstrates the breakage of urethane
linkage. Also, (-NH-) stretching at 3327 cm~! for neat TPU film has become almost
vanished while it got broader and flattened for other hybrid TPU films, which confirms
the conversion of amide linkages to urea linkages.

Similarly, the broad peaks at 2943 and 2856 cm~! have become diminished for
neat TPU film while it gets sharper to broader for other films. Moreover, the peak
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Fig. 7 FTIR Spectra of TPU films after weathering

intensity decreases at 1700, 1600, 1527, 1220, and 1072 cm~! after the exposure of
films to weathering. The band at 765 cm™! has been retained in F1, which confirms
the presence of benzotriazole in the organic UV absorber even after weathering.
The band for metallic bonds at 656 cm™! also got distorted, which demonstrates
some molecular changes after weathering that ultimately results in a change in final
properties of the TPU films such as UPF, yellowness index, gas barrier, and tensile
properties.

3.3 UPF Measurement

UPF is measured for all TPU films that consist of TiO, along with organic UV
absorbers and as well as for neat TPU film. From Table 2, it can be observed that
neat TPU film has low resistance to UV rays as the UPF rating is 15 before weath-
ering; although it gives good UV blocking in the UV-B region, UV-A blocking is
comparatively low.

A significant surge can be seen in the case of other TPU films, i.e., about 2000.
UPF rating is low, i.e., 15 for neat TPU, and it is more than 50 for other hybrid films,
which show excellent UV resistance. However, UPF means the value is slightly lower
for F4, but the rating again shows excellent resistance to UV. Blocking % in both the
UV-A region and UV-B region can be analyzed separately.
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Fig. 8 UPF measurement UPF Measurement
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Figure 8 shows the mean values for UPF for all films. A significant surge in the
UPF mean value of neat TPU film can be seen after weathering of 100 hto 200 h, i.e.,
243. Most probably, the reason can be an initial reformation of bonds that leads to
molecular crosslinking, as suggested by FTIR analysis. However, a slight decrease
in the mean UPF value of other hybrid films can be observed after weathering, but
F5 retains its original UPF value even after 200 h of weathering as the concentration
of TiO, is relatively higher in it that helps in absorbing UV rays.

3.4 Yellowness Index

Neat TPU film is almost transparent and has a very low yellowness index, as given
in Table 3. After incorporation of TiO, and other UV additives, the yellowness
index increases as the amount of UV absorbers increases. Organic UV absorber is
responsible for additional yellowish color to TPU films. Therefore, F1 shows the
highest value of yellowness index as this film contains a high concentration of UV
absorber as compared to other TPU films having a comparatively lower yellowness
index.

e e Peot il e
accelerated weathering Before (0h) | After (100 h) | After (200 h)
FO -2319 9.142 9.132
Fl 1.599 2598 8.689
2 1501 3.501 10.011
F3 1.178 2.296 19.342
F4 0.181 11.461 19.528
F5 0.804 15398 23.331
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Fig. 9 Measurement of yellowness index before and after weathering

After artificial weathering of 100 h, yellowness increases in the case of all films
due to photo-oxidation. However, it is maximum in the case of F5, as the amount of
antioxidants is less, which contributes to the anti-yellowing properties of TPU films.
The increased yellowness can be clearly observed over the increased weathering
time, as represented in Fig. 9.

3.5 Gas Barrier Properties

Before weathering, the helium gas barrier property of prepared TPU films was deter-
mined, and the calculated gas transmission rate is given in Table 4 as shown. The
values of GTR over weathering time are represented in Fig. 10.

After 100 h of exposure, the capability of films to retain helium has been degraded
except for the neat TPU film, F3 and F5. Initial crosslinking of molecular chains over

Table 4 Measurement of

GTR before and after Type of film Helium gas permeability GTR (Ltr/m?/day)
weathering Before weathering | After weathering
(Oh) (100h) | (200 h)

FO (Neat TPU) | 2.035 2.88 1.943

F1 1.84 2.431 2.082

F2 1.832 2.468 2.289

F3 2.088 2.01 2.161

F4 2.664 2.864 3.104

F5 1.804 1.611 1.715
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Fig. 10 Measurement of 3.5 )
GTR before and after 3 ®
weathering > )5 o
E . el
¥ 2 ( —l) £
E 15 £
E ! —0—F4
© o5 .
0
(0h) (100 h) (200 h)
Weathering Time
H_O Rp_
;' N RI N
O — s e O o
=N <\ hv Oy N ragments
N N0 R, (
R; H

Fig. 11 Photo-oxidation of benzotriazole-based UV absorber [17]

UV exposure can be the reason. While after 200 h of exposure, Helium permeability
decreases for FO, F1, and F2 while it increases for F3, F4, and F5.

The cause is obviously related to polymer degradation and photo-oxidation of UV
absorbers after prolonged exposure, and the rate of degradation and photo-oxidation
may vary for different TPU films. Also, it depends on the morphological structure
of the materials used.

Benzotriazole-based UV absorbers are supposed to get attacked by free radicals
at the phenolic ring in its excited energy state in the non-polar state rather than due
to reaction at the phenolic hydroxyl group shown in Fig. 11 as suggested by other
researchers also.

3.6 Tensile Testing

The results for tensile strength in terms of breaking strength of all films are given in
Table 5 and Fig. 12 before and after weathering of 200 h. It can be clearly observed
that there is a loss in breaking strength of all the films because of degradation of
polymer and photo-oxidation. However, the extent may vary.

Breaking strength for neat TPU film is comparatively lower before weathering,
and the percentage loss after weathering is also higher, i.e., approximately 18.5%.
While for other hybrid films, the loss in breaking strength is lower, i.e., approximately
4-8%. F1 showed the minimum loss in breaking strength followed by F5, F4, F2,
and F3. UVAs led to self-degradation over long exposure of UV in TPU films as
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::‘el;fi Ifg xzisg:flelr;;efgtrgind Type of film | Breaking strength (kgf/5 cm)
after weathering Before weathering (O h) | After weathering
(200 h)
FO 85.675 69.725
F1 108.92 104.87
F2 107.75 99.39
F3 108.55 99.87
F4 102.81 97.43
F5 110.95 106.72

Tensile Strength Testing

T
..ﬁ W 3.76% 7.79% 8.01% .78%
é 100 . s 5.25%
= 80
5 18.57%
g 60
£
»
% B
£
g 20

0

FO F1 F2 F3 F4 F5

Type of film
m Before Weathering (0 Hrs) m After Weathering (200 Hrs)

Fig. 12 Measurement of breaking strength of TPU films

represented in Fig. 11. TiO, gets degraded over time owing to its high photocatalytic
activity. Polymer degradation also occurs as the time of exposure increases.

4 Future Scope

The trend for various properties has been analyzed with respect to weathering of up to
200 h. It can be further done for at least 500 h to precisely understand the changes that
can occur during weathering. Moreover, a comparison with natural weathering can
be made. Many other inorganic fillers, such as zinc oxide, cerium oxide, zirconium
oxide, etc., can be explored as a substitute to TiO, to enhance suppressibility to photo-
degradation as well. A more possible combination of concentrations of different
UVAs can be explored using the Design of Experiment (DOE) approach statistically
to optimize parameters more accurately.
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5 Conclusion

The composition of TPU films is optimized to enhance resistance against environ-
mental degradation, particularly UV resistance. TPU films based on Titanium dioxide
and organic UV absorbers, along with antioxidants and light stabilizers, significantly
improve the weather resistance properties of coatings that can be utilized for devel-
oping hull material for LTAs. Helium gas retention, UPF, and tensile properties have
been improved as compared to the neat TPU film.

Weathering would result in increased yellowness of all TPU films owing to
photodegradation of polymer and UV additives and some minimal decrease in tensile
properties, UPF, and Helium gas barrier, but neat TPU film has been degraded to a
large extent in terms of all properties. As retainment of helium is very important,
F5 film is supposed to improve the helium gas barrier, while other films such as F1
and F3 are also able to retain helium well. F1, which consists of inorganic UVA
and organic UVA filler in almost equal amounts, was found to show the best tensile
property than others, like the loss in breaking strength after exposure to weathering
is very less followed by F5. UPF has been retained by all hybrid films. Moreover,
F1 and F5 give the best results. F1 also showed better resistance to yellowness after
weathering. All the obtained results are verified by FTIR spectra.

Hence, the concentration of inorganic and organic UV additives incorporated in
TPU films is optimized. It is suggested to use AO along with organic UVAs as it
prevents yellowness and HALS to obtain a synergistic effect. The combination of
different concentrations of UVAs as given in F1 is preferable. It clearly demonstrated
the potential of using organic UVAs along with TiO, for better UV resistance fulfilling
the primary requisites for aerostats and airship’s hull material.
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Airship Turn Performance Estimated )
From Efficient Potential Flow Panel i
Method

Jestis Gonzalo ®, Diego Dominguez®, Deibi Lopez®, and Carmen Salguero

1 Introduction

Automatic control of airships requires specific tracking techniques [1] where aero-
dynamic forces—Ilift and lateral forces—and pitch and yaw momenta are driving
elements. The inherently instable pitch and yaw moment around the center of thick
bodies such as airships may lead to control difficulties [2—4].

Numerical methods provide a useful approach to preliminary estimate aerody-
namic performance. The finite volume techniques solve the Navier—Stokes equa-
tions in a quite reliable manner but requiring a high computer throughput. But for the
particular problem of turn stabilization and control, where inviscid-flow forces are
dominant, potential flow can be considered; this dramatically reduces the processing
load enabling many optimization mechanisms at design phases of new airships.
The proposed approach is very useful, as the optimization process usually requires
analyzing a large set of parameters combination to identify the optimal location,
span, and chord of the airship fins [5].

The solution for inviscid potential flow around thin airfoils can be successfully
addressed analytically by perturbation models, and then extended numerically to
thick objects, even in 3D, by the so-called panel method [6].

Present work exploits these features to estimate the turn performances of a strato-
spheric lighter-than-air model called ECOSAT, which currently flies vehicles from
2 to 30 m length as engineering models. In particular, the ECOSAT AS30 model
is an autonomous electrical airship able to reach 3000 m with an endurance of 1 h.
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In order to de-risk stratospheric technologies, the model is equipped with all the
elements necessary to stand stratospheric environment.

2 Problem Definition and Formulation

The formulation can be split into two main parts: geometry and aerodynamic model.
Most of the details of the formulation are described in detail in [7], where a mesh
generation mechanism was developed to model a large airship with its characteristic
lengths of hull and fins.

From the geometric point of view and for the purpose of this work, a parametric
definition of fins (shape and location) and control surfaces has been specifically
developed, using a generic quadrilateral panel. The wake is derived from the position
of these control surfaces using quadrilateral panels as well (Fig. 1). The panels of
thin surfaces keep independent properties at both sides. Thick panels maintain an
interior potential that is a-priori selected so that the external value provides the mean
of calculating the local velocity. Additionally, the circulation in trailing edges is shed
along a wake, which is modeled by thin flat panel strip.

From the aerodynamics point of view, the potential flow is considered by solving
the Laplace equation by a sum of source and doubled distributions on the boundary,
including the hull, the fins, the control surfaces, and the wake. Neumann boundary
condition is applied to thin panels and Dirichlet boundary condition to those that
are thick (assuming the internal body potential is known). In the end, the influence
matrix is generated and solved iteratively.

Fig. 1 Detail of the geometry of fins, control surfaces, and wake panels
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3 Methodology

The novelty over the work developed in [7] is the modeling of the control surfaces
and the turn rate. The rudders and elevons are installed in the four fins and defined
parametrically so that geometry can be generated effortless to analyze the effect of
these parameters: location, span, and chord of the airship fins.

The unperturbed stream now generates different velocities in each panel that need
to be considered in the boundary condition equations that form the influence matrix.

One of the most difficult issues is to derive the panel velocity from the values of
the doublets and sources associated to them. This is developed as a post processing
interpolation among all the neighbors enabling the calculation of the potential deriva-
tives, and hence, the sought induced velocity. Besides, the wake can be modified
to follow local streamlines and the procedure is executed several times given the
short processing time (only tenths of seconds for a 1e4 cell mesh in conventional
computers).

Furthermore, the method enables the estimation of the moment derivatives with
respect to the yaw/pitch rates. As it is well known, they play a fundamental role in
the lateral-directional and longitudinal stability as well as turn rate performances.

4 Results

The aerodynamic prediction capabilities of the method we have developed are well
illustrated by the graphs in Fig. 3. It shows the comparison between the yaw moments
with respect to the vehicle center from several angles of sideslip. The test where
performed in a wind tunnel using a model that included the bare hull and the fins. No
rudders were included at the moment, so for the validation process only the rudder
0-deg position would be considered. Although the size of the real ECOSAT model
is undisclosed, the experiment is prepared to replicate performance at length-based
Reynolds about 10°, as expected in stratospheric HAPS (Fig. 2).

An advantage of considering the resulting moments instead of the forces is that
they are less dependent on the minor deviations of the pressure curves in certain
areas; consequently, the matching between the experiments and the model prediction
is very good. Only at intermediate angles of sideslip the potential method slightly
underestimates the moment.

Furthermore, the predicted yaw coefficient is also depicted for a rudder that is
totally deflected at +25 deg, as per

N )
= F——57—
1pV2ZVol**Ly

where N is the yaw moment, p is the reference air density, V., is the unperturbed
airspeed, and Vol is the reference hull volume. In a similar way, the pitch moment
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As expected, the yaw coefficient curve is displaced to higher or lower values
depending on the rudder angle (positive or negative). Worth noting, at high angles of
sideslip, the capability of the rudders to modify the yaw coefficient is not equal for
positive and negative deflection angles.

The yaw moment derivative respect to the yaw rate is estimated using rotations
around the center of volume to calculate the unperturbed velocity and hence to update
the boundary conditions with respect to the static case. Airship turn performance is
the result of combing this value with the lateral force, already implemented, and the
moment induced by the yaw rate.

The definitions used in this paper to have dimensionless magnitudes are
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Fig. 4 Estimation of the Cn_r_adim
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where r is the yaw rate and 7 its correspondent dimensionless form.

The values shown in Fig. 4 are considered reasonable when compared with avail-
able references (e.g., —0.073 for HALE bare hull [8]). Unfortunately, this value
cannot be checked up to date against an experimental test.

In order to estimate the steady rotation radius, the lateral force coefficient (c,) is
deduced from the lateral force (Y). This force is less prone to be modeled with a panel
method as it disregards viscosity contributions and boundary layer detachments.
Figure 5 shows the underestimation of the force when compared to a 5.1 x 10°
Reynolds wind tunnel test. The larger the sideslip angle the worse the results.

Y
Cy=— 5
T Lpv2vors ®)

Finally, the radius of steady turn is extracted from numerical simulations with
the above information, obtaining the results in Fig. 6. Results need to be tested in
scale models but the objective of having a semi-automatic tool for the estimation of
turn radius has been successfully achieved. The simulated model is quite agile as the
radius is about two times the length.

5 Discussion and Conclusions

Although the design process of any airship requires highly powerful and accu-
rate simulations and experiments, those are quite resource consuming and cannot



74 J. Gonzalo et al.
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be massively used to explore the whole design space. That is why the idea of
employing simplified—but accurate enough—methods is highly interesting during
the preliminary design, when a wide variety of concepts need to be considered.

The potential method presented in this paper is capable of saving a huge amount
of computational time when compared with traditional CFD, as every design config-
uration can be studied in a matter of a few minutes. Despite of its simplicity, it has
proven to be accurate enough to provide valuable performance insights during the
design process, including those related to turning performance.

Thus, yaw moment coefficients for different rudder positions can be easily calcu-
lated, as well as the yaw moment derivative respect to the yaw rate and the lateral
force respect to the sideslip angle. All those data are used then to calculate the turning
performance.

Preliminary results show good matching between the quick results obtained with
this method and the turning performances measured by ECOSAT models in the wind
tunnel. This enables a future optimization process for the final stratospheric model
to have the most efficient tail definition.
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Look Ahead Steering-Based Path )
Following Control for an Airship L

Ramesh P. Hun and Nandan K. Sinha

1 Introduction

Airships are buoyancy-driven flying vehicles suitable for energy-efficient long
endurance missions. High altitude airships are being also touted as potential alter-
natives for existing low-earth satellites performing surveillance and observation
operations. An airship is a kind of unmanned aerial robotic platform, which
processes/controls the six or more state variables in the presence of control inputs.
These control inputs can be operated in many combinations depending upon the
type of mission to be executed. A guidance, navigation, and control scheme is a key
component in the design of an autonomous airship which makes effective use of
airship control inputs. Rooz et al. [1] designed a PID-based control scheme using
minimization of control efforts for long duration station keeping application of an
airship. They used heading control scheme alone to keep the airship heading fixed
at the set point. Development of autonomous unmanned remote monitoring airship
(AURORA) is a long-term vision project led by Brazil and has made an extensive
use of PID control laws for various applications of airships. De Paiva et al. [2] used a
PID control approach for longitudinal velocity control and a PID-based controller for
heading and altitude control for semiautonomous operation of AURORA. Carvalho
et al. [3] have also designed PID-based heading controller for an unmanned robotic
airship based on the H,/ Hy, method. Other similar works related to autopilot control
design for different airship models using conventional control design techniques can
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be found in [4-6]. Other useful works related to control of an airship for various
objectives and using advanced control techniques are reported in [7-10]. The work
reported in this article follows the procedure outlined in [9, 10] for a Gertler shape
of a stratospheric airship. In Refs. [9, 10], authors considered a low altitude airship
configuration and assumed all the system states, and their derivatives are available for
design of control laws. However, in reality, states are available only from measure-
ments. Systems states are estimated based on the available measurements which also
help in the reduction of the on-board sensor requirements during control implemen-
tation. For implementation of LQR control law, in this work, dummy measurements
of airship states based on the experimental flight results reported in [11] mixed with
noise are used to generate estimates of airship states using a Kalman filter [12]. A
combination of PID and LQR control schemes along with look ahead-based guidance
law is used to build a complete and integrated path following guidance, navigation,
and control system in MATLAB®-based simulation environment for autonomous
waypoint navigation of an in-house developed stratospheric airship model [13, 14].
This paper is organized as follows: Section 2 describes the development of six
degrees of freedom nonlinear mathematical model and its linearization. Section 3
presents the design of automatic flight control system. Section 4 presents the
simulation results and discussion, and Sect. 5 concludes the overall work.

2 Airship Model

Airship configuration used in this paper is a stratospheric airship model developed at
flight dynamics and control laboratory and is reported in [13]. A force and moment
equations representing translational and rotational dynamics of airship [15] are given
in Eq. (1) in the vector form.

MX =F (u,v,w,p,q,r)+ A, v,w,p.q,r)+G+ P ()

where M is a 6 x 6 mass matrix containing mass and inertia terms due to added
mass or virtual mass effect. X is the vector of state variables of airship. F, is the
vector representing dynamic terms associated with linear and angular velocity. A,
is 6 x 1 column matrix consisting of terms associated with aerodynamic forces and
moments. G is 6 x 1 column matrix containing the terms associated with buoyancy
and gravitational forces and moments. P is 6 x 1 column matrix containing the terms
related to the propulsive forces and moments. The engine model considered here is
kept simple and is taken from Ref. [15].
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2.1 Linearization of Equations of Motion

The linearization of equations of motion requires equilibrium points around which
nonlinear equations need to be linearized. The equilibrium point chosen in this
linearization process is straight and level flight condition with axial trimmed velocity
u, = 22 m/s. The corresponding state and control vectors are

X,, =u0,0,0,0,0,0,0,60"; U,, = [n,3.,0,0]" @)

v,
Now, the nonlinear equations of motion given by Eq. (1) are linearized around equi-
librium state condition X, . This linearization process calculates the Jacobian set of
nonlinear equations around the given equilibrium condition. The resulting state and
control matrix is given by

A oF oF
= 3% [Xer U B = 5 (Xer U, 3)
The corresponding linear state space model is given by
5X = ASX + BsU )

where A is a system matrix, B is a control matrix, 6 X is an incremental state vector
from equilibrium state, and U is an incremental control from equilibrium control
input. The linearized state space model given by Eq. (4) can be decoupled into
longitudinal and lateral directional plane dynamics for the analysis purpose.

3 Automatic Flight Control System

The automatic flight control system (AFCS) consists of guidance, navigation, and
control algorithm to fulfil the autonomous mission of the airship flight. The block
diagram of AFCS is shown in Fig. 1. The detailed design and description of each
block are given in subsequent sections.

Fig.1 AFCS block diagram

Reference

Model Controller

—
Set point

Generator
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3.1 Guidance and Navigation Algorithm

The set point generator and reference model given in Fig. 1 are part of the guidance
and navigation algorithm. Role of navigation algorithm is to define the current path
which airship has to follow. Here, the path is created by joining the two waypoints
in the flight simulation algorithm, and these waypoints are created beforehand. The
navigation algorithm also switches path when required. Role of guidance algorithm
in the AFCS is to ensure that airship converges to and follows the desired generated
geometric path. It basically calculates the desired attitude of airship based on the
current position of airship with respect to the next target waypoint. The path following
problem can be solved by calculating two angles x and v with using look ahead
steering guidance law. Graphical representation of path following scheme is shown
in Fig. 2. Here, path is represented by p; and p;y; and p(f) represents the current
position of the airship. The objective of path following mission can be treated as

Jlim (p — p(1) =0 o)

Now, let us define the local frame at p;, , known as path frame. The two consecutive
elementary rotations need to be performed (using concept of Euler angles) to arrive
at path frame. The first rotation is about z axis by an azimuth angle

Xp = arctan <M> (6)

Xit1 — Xi

The corresponding rotation matrix is given by

cos()(p) —sin()(,,) 0
R(xp) = | sin(x,) cos(x,) 0 )
0 0 1

The second rotation is about new y axis after first rotation by an elevation angle
of

Fig. 2 NED path frame with X
look ahead guidance scheme
y
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—(Zit1 — 21)
v, = arctan (3
g (\/(xi+1 — X))+ (Yir1 — )’i)2>

The corresponding rotation matrix is given by

Cos(up) 0 sin(vp)
R(yy) = 0o 1 0 ©)
—sin(v) 0 cos(v,)

Now, the full rotation can be represented by rotation matrix

Rp = R(xp)R(vp) (10)

Now, let us define the error vector ", between airship and origin of path frame which
is given by equation

€ =R(p(t) — pi) = Rjo" (11)
where € is the deviation of airship path in the path frame and is given by
e =[d@®), e(r), h(n]" (12)

where d(t) is along track error, e(?) is crossed track error, and h(¢) is vertical track
error subjected to the p;. The along track error is the distance between p(t) and p;
along x axis in path frame, cross track error is the distance along the y axis, and
vertical track error is the distance along z axis.

Look Ahead Steering Concept:

The look ahead steering concept shown in Fig. 2 defines the steering point towards
which airship has to direct. The distance between steering point and the projection of
vehicle on the path is called look ahead distance dj;,. The expression for look ahead

distance is given by
diy(1) = |/ R? — e(1)? (13)

where R is a tuning variable which is running from airship position to steering point
as shown in Fig. 2. This vector is known as line of sight (LOS) vector. The tuning
variable R is chosen arbitrarily, and it is affecting the airship performance. The small
value of R gives aggressive steering, and the large value of R gives smooth steering.
The horizontal and vertical steering is defined by Eq. (14) and is also outlined in
Ref. [16]. These angles are known as velocity-path relative angles, which ensure that
velocity is directed towards the waypoint defined on the straight line by minimizing
the cross and vertical track error.
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x(e) = xp + x-(€); v(h) =vp + vr(h) (14)

where

t
Xxr(e) = arctan(—ﬁ), v, (h) = arctan
dip

h(t)

Je®? +d,

3.2 Reference Model

Role of reference model used in the AFCS simulation algorithm is to generate smooth
trajectory from the given series of waypoints. The set point generator generates the
set of waypoints which airship has to follow during the entire flight period. When
set point is changed from one set to another set, the controller faces a sudden error
jump. This sudden jump in error is reduced by creating the smooth trajectory using
reference model as shown in Fig. 3, and hence, controller can minimize the error
more efficiently.

The reference model used in this algorithm is basically based on the mass spring
damper dynamics cascaded with low-pass filter as outlined in Ref. [16]. The resulting
third-order system can be represented by

X, W, w?
— = . (15)
r s+ wy ) s% 4+ 20w,s + w?

where x, is a smooth reference trajectory generated from given series of set point
vector r. The reference model can be tuned accordingly by tuning w,, and ¢ in order
to generate appropriate smooth trajectory by minimizing the error.

Fig. 3 Smooth trajectory

Reference model
using reference model

Tuning of { and w,,

Amplitude

....... Set point vector
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05 ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Time (seconds)




Look Ahead Steering-Based Path Following Control for an Airship 113

Fig. 4 LQR controller

3.3 Control System Design

The combination of two control strategies is designed in this section in order to
execute the command signal received from look ahead-based guidance algorithm,
namely (1) linear quadratic regulator (LQR) and (2) proportional, integral, and deriva-
tive (PID) controller. LQR is an optimal controller which guarantees the optimum
performance of an airship by minimizing the control effort. It is basically an opti-
mization problem which makes use of a state-feedback control law to minimize a
quadratic performance index subjected to the linear state space model. However,
due to state-feedback control, there will be small error which builds up with respect
to the reference command. This small error in the Euler angles will turn into large
angle error over the time. This large error in angles causes an inaccurate tracking
in given path following mission. This problem can be overcome by designing PID
control scheme because PID controller can efficiently reduce the error using feed-
back mechanism. Therefore, PID-based kinematic controller is designed and placed
in the outer loop configuration to get rid of an error in the Euler angles.

The Design of LQR Controller:

The block diagram of LQR controller used in the inner loop configuration of
automatic flight control system (AFSC) is shown in Fig. 4.

The reference signal y, is generated from the linear reference model mentioned
in AFCS block diagram and is given by

X, =A,x,+ B,r (16)

y, =Cx, (17

where r is the set point vector generated from set of waypoints in set point generator.
The desired trajectory is obtained by comparing the state signal to the reference
signal. The deviation of output from input is called error, and it can be minimized
by tuning of w, and ¢ in the reference model. The error is given by

e=y—y,=Cx—x,)=Cx (18)
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Now, LQR determines the gain vector K for the optimal control input of the form
Su=—Ks&x (19)

which minimizes the quadratic performance index given by
[e.¢]
J = [(6x" Q5% + su” Ru)dt (20)
0

where Q is a positive semi definite n x n diagonal weighting matrix, n is a number
of state variable, R is a positive definite m x m diagonal weighting matrix, and m
is a number of inputs. It is important to note down here that first term in the right-
hand side of the performance index equation accounts for the error in the states and
second term accounts for the expenditure of energy on the control signal. Therefore,
the selection of @ and R is a trade-off between state error and control effort. It
depends on the user and system demands whether state is important or control effort.
The control command implemented here for solving the set point tracking problem
is given by Eq. (21),

Su=—K 5% + K1y, @21)

Selection of Q and R matrices:

The large values of diagonal elements of @ matrix result in quick system response,
while larger values of diagonal elements of R result in the more control effort. There
are different methods available in the literature for selection of @ and R matrices,
and author of this paper has followed Bryson’s tuning rule. The Bryson’s rule says
that the selection of diagonal values for Q is based on the inverse of the maximum
allowable value for each state, and diagonal values for R are based on the inverse of
the maximum allowable value for each control input. The diagonal elements of Q
and R are given by Egs. (22) and (23), respectively.

1
i = 22
q maximum allowable value of xl.2 @2)
1
rij = (23)

maximum allowable value of u?

After proper selection of the @ and R matrices, the LQR problem can be solved by
first solving the algebraic matrix Riccati equation of the form

AP+ PA—PBR'B"P+ Q=0 (24)

The solution matrix P in Eq. (24) is used to determine the optimal gain given by
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Ki=R'B"P; K, =—R 'B"(A+BK))'C"Q (25)

The Design of Kinematic Controller:

The LQR controller is rate controller in AFSC, and hence, correction of an error in
Euler angles is not included in the LQR control scheme. The proportional, integral,
and derivative (PID) controller is a traditional control strategy designed based on
the classical control theory. It plays a vital role in achieving the desired state of the
vehicle by minimizing the error dynamics. The main purpose of designing a PID-
based kinematic controller in AFCS is to minimize the error in Euler angles (pitch,
yaw, and roll) by tuning of PID gains. Here, the control signal generated from the
kinematic controller is a difference between desired and measured angle, and it is
given by Eq. (26),

e = [¢d - ¢m; 04 — Om; Wd - 1ﬁm]T (26)

The kinematic controller is placed in the outermost loop configuration in order to
prevent the error in Euler angles. In the absence of a kinematic controller, Euler
angles are drifting from desired values which cause the large deviation in airship
flight path from the desired path. Therefore, the kinematic controller is placed in the
outer loop configuration to avoid such situation.

4 Simulation Results

The simulation results for two different flight scenarios are shown in Figs. 5 and
6. The corresponding state and control surface evolution during the entire flight is
also shown in figure. The simulation is initialized in set point generator by allocating
different pre-defined waypoints through which airship has to travel. The nonlinear
mathematical simulation model is linearized by keeping velocity 22 m/s constant
during the entire flight path. The corresponding equilibrium value of thrust is 6400 N.
The tuning variable R is kept as 1200 m for the smooth turning of an airship. This
tuning variable is selected based on the trial and error tuning process by observing
the response characteristics. In the first scenario, total four waypoints are created in
which airship has to take two turns during entire flight path. In the second scenario,
a total of five waypoints are created in which airship has to come back at the same
position where it was started.
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5 Conclusion

This article has presented design and simulation of guidance, navigation, and control
(GNC) strategy for path following problem of the stratospheric airship in simulation-
based environment. The objective of GNC mission was to guide the vehicle at a
constant velocity on the pre-defined planer waypoints during the entire flight path
created at a particular altitude. The simulation of path following mission has included
three major aspects of GNC algorithm. It includes the development of airship math-
ematical model, the design of guidance and navigation algorithm, and development
of suitable control strategy to execute the command signal received from guidance
algorithm. Look ahead-based steering guidance law is employed to direct the vehicle
towards the target waypoints, while combination of LQR and PID controller is used to
execute the guidance command. The performance and robustness of developed GNC
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algorithm are tested in MATLAB® Simulink environment. The two different flight
scenarios are presented which demonstrates the abilities and effectiveness of look
ahead-based steering guidance and PID and LQR control law in the path following
mission. The simulation results are presented in two different case studies which
show that the excellent performance of path following mission is achieved subject
to the cruise and turning flight conditions.
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Functionalization of Polyurethane-Based
Adhesives with UV Additives for LTA e
Applications

Shuchita Tomar, Neeraj Mandlekar, Bharti Rana, Mangala Joshi,
and B. S. Butola

1 Introduction

Polyurethane (PU)-based adhesives have attracted researcher’s attention as they
exhibit good bonding, better outdoor stability, high flexibility, and shows very high
peel strength. They are widely used in various fields such as textiles, automotive,
military, food packaging industries, and lighter-than-air system (LTA) inflatables.
PU adhesives contain urethane group (-C=0-) which is responsible for providing
excellent adhesion property. PU polymer can be thermosets and thermoplastics which
contains hard segments and soft segments.

Crystalline capable hard segments have hydrogen bonding among the urethane
groups and show good interchain interaction while the soft segments show
crosslinking with the hard segments [ 1]. The diverse properties of the polymeric mate-
rial can be obtained through varying the hard and soft segment ratio. PU adhesives
basically contain three types of building blocks that are diisocyanate, short-chain
diol, or long-chain diol. PU adhesives show wide range of properties that generally
depend on the chemical structure of isocyanates, polyols, and their functionalities.
Usually, the types of isocyanates used in PU adhesives are toluene diisocyanate (TDI)
and methylene diphenyl diisocyanate (MDI) [2].

The LTAs such as aerostat/airship envelope material as shown in Fig. 1 should have
high tensile and tear strength, high gas-barrier property, high UV resistance prop-
erty, good weather resistance property, and especially high interlaminate adhesion
strength or peel strength. For developing LTA envelope material, multilayered coated
or laminated fabrics are required for hull structure. Hull material should possess low
weight, high strength-to-weight ratio in order to increase the payload capacity, flex-
ible at low temperature range, high tensile and tear properties to avoid catastrophic
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Fig.1 Structure of LTA systems

failure (& 2500 N and ~ 313 N for aerostat material), shows good abrasion resis-
tance and low creep behavior for better handling, bondability or sealability properties
should be excellent in order to achieve good joint and leakage of gases should be
prevented so that aerostat/airship life can be increased. Nowadays, generally thermo-
plastic polyurethane (TPU) coated nylon, Vectran, or Kevlar fabrics (plain weave or
ripstop weave) are preferred because these fabrics have ability to fulfill all the above-
mentioned necessary requirements for designing hull structure of LTAs. TPU coated
fabric reinforced with different nano fillers such as graphene, nano-clay contributes in
improving the gas-barrier property of envelope material while the weather resistance
property can be improved by adding UV absorber, antioxidant, hindered amine light
stabilizer, carbon black, and some other inorganic nano additives such as TiO,, ZnO,
and CeO,. Moreover, the EVOH or Mylar (DuPont, biaxially oriented polyester)
film shows excellent gas-barrier property while the Tedlar (PVF) film shows good
weather resistance property for multilayered laminated envelope materials. However,
these polymeric films show adhesion issues with the fabric. Therefore, the interlam-
inar adhesion strength is one of the major challenges for aerostat/airship envelope
materials [3-6].

Very less research has been carried out yet in the field of PU-based adhesives used
in inflatable structure materials. Therefore, in designing such type of materials PU-
based adhesive laminations were much preferred as it shows good bonding strength
and high flexibility [5—10]. In this study, three types of PU-based adhesives (two-
component system), i.e., Araldite, Uralane, and PLS were used and functionalized
with UV additives and carbon black to enhance the UV resistant property and adhe-
sion strength of laminates for LTA application. The Araldite adhesive usually shows
fast curing and good UV stability. Uralane 5776 A/B polyurethane adhesive has a
semi paste consistency for easy handling and spreading. Here, the main focus is to
study the synergistic effect of functionalized adhesives on improving the interlam-
inate adhesion with a substrate and to optimize the GSM of the adhesive. The peel
strength of the laminates was measured. Here, the substrate is the PU coated PET
fabric but for better strength [7] and weather resistance property nylon, Vectran, and
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Kevlar fabrics are preferred as a base material for LTA envelope. The tensile strength
and UV resistance property of functionalized adhesives film were measured. More-
over, the prepared adhesive films were exposed to artificial weathering under harsh
environmental conditions for 200 h. The weather resistance property, gas (helium)
barrier property, and thermal properties of the adhesives were also studied.

2 Problem Definition and Formulation

Till now, the researchers are using PU-based adhesives for developing laminated
structures in LTA systems in order to achieve high strength between the laminates
but the interlaminate strength still need to be improved and the research is still going
on to enhance the properties of LTAs. In this study, various PU-based adhesives
(two-component system) were studied that are Araldite, Uralane, and PLS which
exhibits high peel strength. Very few studies were done on these adhesives. Here,
the adhesives were also functionalized with UV additives and carbon black in order
to improve the UV resistant and weather resistance property and to optimize the
adhesive gsm of laminate structures.

3 Experimental

3.1 Materials

A commercial aliphatic polyether-based thermoplastic polyurethane was purchased
from Covestro, India (formerly known as Bayer Material Science Pvt. Ltd). Following
are the specifications of the PU: molecular weight (Mw) = 197,200, density =
1.15gm/ cm?, shore hardness = 85A, and refractive index = 1.503. Polyester (PET)
fabric of 200 GSM (plain weave), UV additives (HALS, AO, and UV absorber) was
procured from Clariant India Ltd., and carbon black nanopowder was purchased from
Reinste Nano Ventures Private Ltd., dimethyl formamide (DMF), Toluene, Araldite
2028-1 adhesive (Huntsman), Uralane 5776 A/B (Huntsman), PLS adhesive, PVF
film (Neoflex) gsm = 55, and BoPET film (Jindal Polyfilms) gsm = 15 (Fig. 2).

3.2 Methods

3.2.1 Process Parameters for Adhesive Lamination

Firstly, on hot-roll coating machine, the base substrate (PET fabric) was coated TPU
solution then after drying the substrate tie-coat solution which consisted of TPU, UV
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Fig. 2 a Araldite adhesive, b Uralane adhesive, and ¢ PLS adhesive [11]
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Fig. 3 Fabric-Mylar laminated structure

additives and carbon black was applied. After drying the fabric at room temperature,
functionalized adhesives were applied at 0.04 mm nip roller gap to laminate the
Mylar and Tedlar films using hot-roll laminator machine as shown in Fig. 3. Hence,
the adhesive GSM was optimized and the peel strength was measured.

Tie-coat layer (gap)—0.1 mm

GSM gain—15

Nip roller setting gap for adhesive—0.04 mm

No temperature was given

Speed—8.25 cm/min

Heating was applied for drying the adhesive

The temperature of laminated roll was set in a range of 80-85.

3.2.2 Formulation of Functionalized Adhesives

Three types of PU-based adhesives namely Araldite, Uralane, and PLS were used
that are based on two-component system. In 20 ml solution of Toluene UV additives
and 3% carbon black were added and sonicated for 2 h. Then, 10 gm of resin part
of adhesive was mixed and stirred for 6-8 h. After that hardener was added in
the solution for crosslinking and mixed thoroughly for 5 min and laminates were
prepared. In case of araldite adhesive, the ratio of resin and hardener is 1:1 while in
Uralane adhesive the ratio of resin to hardener is 2:1. In PLS adhesive 6% hardener
was mixed (Fig. 4).
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resin solution

Fig. 4 Formulation of functionalized PU adhesive

3.2.3 Accelerated Artificial Weathering

The functionalized adhesive films and neat adhesive films were exposed under artifi-
cial weathering conditions in artificial weatherometer (Atlas-Xenotest 440). The test
cycles were performed according to following standard: ISO 4892-2 + A1:2019.
Artificial weatherometer provides weathering environment by using light sources
such as filtered long arc Xenon (2000 W) so that the resistance of the film samples
against weathering can be measured. The change in properties of each film with
respect to the unexposed film was compared as well as analyzed after 200 h under
particular exposure conditions as mentioned in Table 1.

4 Characterization and Testing

4.1 ATR-FTIR

FTIR spectroscopy (Nicolet 6700 ATR-Thermo Fisher Scientific) was used to gather
FTIR spectra of neat and functionalized adhesive films before and after exposure
(200 h) in accelerated artificial weathering by directly scanning the adhesive film
surfaces. Number of scans taken scanning the sample surface was 64.

Table 1 Exposure conditions provided in artificial weatherometer test cycles

Conditions Time period (min) | Irradiance (W/m?) | Chamber R.H (%)
temperature (°C)

Dry cycle (UV) 108 0.51 35 50+ 10

Wet cycle (UV + |28 0.51 35 100

water)
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4.2 Tensile Testing and Peel Strength Testing

Tensile testing of neat adhesive films and functionalized films were performed
using Instron testing machine according to standard ASTM D5035. The testing was
done with a gauge length of 5 cm and clamp width of 5 cm and extension rate of
300 mm/min. The peel strength was also carried out on Instron mechanical testing
machine according to standard ASTM D 1876. The size of the testing sample was
12cm x 2.5 cm.

4.3 Helium Gas Permeability

Helium gas permeability through neat PU-based adhesive films and functionalized
adhesive films was evaluated by using Labthink Classic 216 gas permeation tester
according to ASTM D1434 standard. The tester measures the helium gas transmis-
sion rate (GTR) through differential pressure method. The test was performed at an
ambient temperature of 25 °C having 100 kPa test gas flow pressure and a constant
helium gas pressure of 0.4 MPa.

4.4 Ultraviolet Protection Factor (UPF)

The ultraviolet protection factor (UPF) of neat adhesive films and functionalized
adhesive films was analyzed using LABSPHERE instrument according to AS/NZS
4399:2017 testing standard method having wavelength range between 290 and
400 nm. For each sample, scanning was performed at four different places and the
average values was taken to evaluate the UPF mean values.

4.5 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurement was carried out on a DSC25
(TA Instruments) with in a temperature range of —60-250 °C having ramp rate of
10 °C/ min in nitrogen atmosphere and isothermal time is 1 min. The adhesive films
were heated up to 250 °C, then cooled down to -60 °C and again heated up to 250 °C
with same ramp rate and isothermal time.
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4.6 Thermogravimetric Analysis (TGA)

Thermal stability of neat and functionalized adhesive films was analyzed by a TGA
method (TGASS, TA Instruments). The experiment was done with a heating rate of
10 °C/min in nitrogen atmosphere in the temperature range of 50-800 °C. The flow
rate of nitrogen gas was 60 ml/min.

5 Results and Discussion

5.1 Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

FTIR technique is used to identify the chemical structures of the different PU-based
adhesives and functionalized PU adhesives. Carbon black contains some groups such
as OH, C=0, and COOH, and these groups form hydrogen bonding with urethane
linkage. It has been found that in (Fig. 5a) the presence of (1720-1730 cm™') peak
shows the C=0 urethane linkage in neat PLS adhesive while in functionalized PLS
(1720-1730 cm ™) peak almost disappear showing that the carbon black is properly
dispersed in the adhesive and also the hydrogen bonding occurs between carbon black
and PU-based PLS adhesive. After 200 h exposure a slight peak at (3448 cm™!) shows
the presence of free N—H stretching which might be due to oxidation. In (Fig. 5b), the
peaks at (2850-2970 cm™') shows the symmetric and asymmetric C-H stretching
of methylene groups. Peaks at (1660-1690 cm™!) shows the C=0 stretching, and
(1505-1600 cm™") shows N-H bending. Peak band of (1104 cm™') shows C-O
stretching of aliphatic ether, while in exposed Uralane film this peak becomes broad
due to oxidation. In (Fig. 5¢), peaks at (3300-3380 cm~!) shows N-H stretching
of urethane and (1660—-1690 cm™!) shows C = O stretching. The peak intensity at
(1260 cm™") shows N-H of amide linkage which slightly increases due to oxidation.
Although not much change was observed under 200 h exposed Uralane and araldite
adhesive film.

5.2 Peel Strength Test

Table 2 shows the values of adhesive gsm gain and the peel strength of laminated PET
fabric. The following results are obtained after testing the peel strength of laminated
fabric. In case of Uralane adhesive, better peel strength was obtained that is 7-8 N
while the gain in gsm was less in case of PLS adhesive that is around 7gsm. Figure 6
shows the peel samples of laminated fabric.
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Fig. 5 FTIR spectra of
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Table 2 Peel strength of PU adhesives
Type of Fabric | Layer Final | Nip Adhesive | Peel Breaking
functionalized GSM |roller | GSM strength | film
adhesive gap N)
(mm)
Araldite PET Tedlar-fabric | 312 0.04 |42 6-7 Break
(Huntsman) fabric Mylar-fabric | 272
Two-component | (200
based (1:1) GSM)
+ Tie
coat
Uralane (5776 A | PET Tedlar-fabric | 303 0.04 33 7-8 Break
& B Huntsman) fabric Mylar-fabric 263
Two-component | (200
based (2:1) GSM)
+ Tie
coat
PLS 500 with PET Tedlar-fabric | 277 0.04 |7 5-6 Break
ha.rd.eper fabric Mylar-fabric | 237
(Pidilite) (200
GSM)
+ Tie
coat
B

(a)

(b)

Fig. 6 a Laminated and coated PET fabric and b peel samples of laminates

5.2.1 Tensile Properties of Adhesive Films

Tensile properties of functionalized adhesive films are improved as compared to neat
films as shown in (Fig. 7). Carbon black (3%) dispersed properly in the adhesives
and good crosslinking as well as hydrogen bonding between the CB and urethane
linkage as shown in FTIR significantly enhanced the tensile strength of functionalized
adhesive films. Although when these films are exposed to artificial weatherometer
under harsh environmental conditions for about 200 h the tensile strength of PLS
and Uralane functionalized adhesive decreases while in araldite it increases. Simi-
larly, Uralane and araldite neat adhesive films show increment in tensile strength
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Fig. 7 aTensile strength of unexposed neat and functionalized adhesive films and b tensile strength
of exposed (200 h) neat and functionalized adhesive film

as compared to PLS adhesive. The improvement in strength is might be because of
crosslinking between the PU-based adhesives. It was observed that araldite adhesive
does not degrade that much within 200 h exposure.

5.3 Helium Permeability Testing

Figure 8a shows the result of helium gas permeability unexposed adhesive films. It
was observed that helium permeability of unexposed functionalized adhesive film
was slightly changed compared to neat adhesive film. However, when the film was
exposed up to 200 h, the helium permeability was significantly improved. This
behavior was attributed due to the crosslinking of intermolecular chains of PU that
leads to crosslinked structure of formation but after certain time period of exposure
PU-based adhesive can be degraded because of the breaking of intermolecular bond
between the crosslinking chains (Table 3).

Unexposed PU based adhesive film Exposed (200hr) PU based adhesive film

z
z 54 o
G S 6 4
B S i
E $ §' a 2.97
g3 =
a: 5 0.82 : 2 0.32
1 08 0.5
¥ P :
" 0 20
& Uralane Amldite PLS 3 Uralane Analdite PLS
= Neat adbesive film  ® Functionalized adhesive film m Neat adhesive film = Functionalized adhesive film
(a) (b)

Fig. 8 a Helium gas permeability of unexposed neat and functionalized adhesive film; b helium
gas permeability of exposed (200 h) neat and functionalized adhesive film
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Table 3 Helium gas permeability of adhesive films

Adhesive films | Unexposed Exposed (200 h)
Gas Coefficient_P (Pc) Gas Coefficient_P (Pc)
permeability | (cm’.cm/cm®.s.cm | permeability | (cm?.cm/cm?.s.cm
(L/m%/24h) | Hg) (L/m%/24h) | Hg

Neat Uralane 5.31 1.21 x 107 4.45 1.42 x 10-9

film

Functionalized |5.4 1.24 x 107 5.65 1.81 x 10°°

Uralane film

Neat PLS film | 3.46 7.92 x 10710 2.97 3.22 x 10710

Functionalized | 3.18 7.28 x 10710 4.0 3.57 x 10710

PLS film

Neat araldite 0.81 4,95 x 10710 0.51 3.04 x 10710

film

Functionalized | 0.82 4.9 x 10710 0.32 3.14 x 10710

araldite film

5.4 UV Protection Factor (UPF) Analysis

Ultraviolet protection factor (UPF) is used to measure the UV resistance property of
material. It shows the amount of UV-B and UV-A radiations can be transmitted or
blocked by any material. This test was performed using LABSPHERE instrument
according to AS/NZS 4399:2017 testing standard. The wavelength range was 290-
400 nm. UV rays blocked in UV-A and UV-B region was evaluated along with UPF
mean value. UPF rating is calculated by following equation [12].

400
> EAXSx AL
2=280
400
D EAXSXTAX AL
2=280

UPF =

where

E)—solar UVR spectral irradiance (W-m~—2 nm™").

Si—solar spectral irradiance.

AX—wavelength interval measurement (nm).

Tr—average spectral transmittance.

Figure 9 shows the UPF values of unexposed and exposed adhesive films. UPF
mean value of neat Uralane adhesive was higher as compared to araldite and PLS,
while the UPF value of functionalized adhesive film was much higher as compared to
neat adhesive film which shows that the interaction of carbon black with PU adhesive
results in excellent UV resistant property (UPF-2000). Although neat adhesive film
when exposed to 200 h in artificial weathering shows improvement in UV resistant
property due to formation of cross-links between the PU chains.
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Fig. 9 UPF mean values of a unexposed adhesive film and b exposed adhesive film

5.5 Thermogravimetric Analysis (TGA)

Thermal stability of PU-based adhesive was analyzed through TGA technique.
Figure 10a shows the TGA curve of neat and functionalized adhesive films. The 2%
weight loss temperature (T,¢,) in Uralane neat adhesive was observed at 234.18 °C
(onset temp—329.18 °C), while in functionalized Uralane T,q, was 227.76 °C
(onset temp—333.76 °C); whereas in neat araldite adhesive was 109.56 °C (onset
temp—300 °C) and 223.09 °C (onset temp—298.82 °C) was observed in func-
tionalized araldite adhesive. In PLS, neat adhesive (T,q) was 266.88 °C (onset
temp—350.86 °C) and 188.78 °C (onset temp—339.62 °C). The following trend
was observed due to the addition of carbon black and UV additives which are less
thermally stable as compared to neat PU-based adhesives.

(b) ke e

X-—U‘mmm

———

0.1 —

—— Uralane func fim \ 044

0 |— Asaldite func fim) < —
—— PLS func fim

200 400 600 800 ® 0 0 10 150 200 250
Temperature (*C) Temperature (*C)

Fig. 10 a TGA curve for neat and functionalized adhesive film; b DSC thermograms for
functionalized adhesive film
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5.6 Differential Scanning Calorimetry (DSC) Analysis

Figure 10b represents the DSC thermogram of functionalized PU-based adhesive. In
PLS functionalized adhesive, an endotherm peak was observed at 40 °C which relates
to the glass transition temperature of PLS (T); while in Uralane and araldite func-
tionalized adhesive an endothermic peak was shifted to higher temperature between
85-120 °C which shows the T, of hard segments of adhesive.

6 Conclusion

In LTA systems, adhesion strength between the laminates must be higher. In this
study, three types of PU-based adhesive (Uralane, Araldite, and PLS) were used and
functionalized by using carbon black (3%) and UV additives. The peel strength of
laminated fabric in functionalized Uralane adhesive was very high (7-8 N). The gsm
gain was less in case of functionalized PLS and also adhesion strength was better. The
hydrogen bonding between the carbon black and PU-based adhesives significantly
improves the tensile properties of functionalized adhesive films especially PLS shows
good breaking strength. Functionalized adhesives films show excellent UPF values
(2000) which led to improve the weather resistance property also. However, thermal
stability of functionalized adhesives decreases slightly because carbon black and
other UV additives start decompose at lower temperature as compared to PU-based
adhesives. Moreover, when prepared films were exposed to artificial weathering up
to 200 h the functionalized adhesive shows excellent weather resistance behavior.
Thus, functionalized PLS and Uralane adhesives can fulfill the requirement for LTA
laminated structures as compared to araldite adhesive. Therefore, these adhesives
can be preferred in the future for the preparation of multilayered coated and laminate
structures for LTAs.
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Degradation Study of Aromatic )
and Aliphatic TPU Films in Accelerated oo
Weathering: Impact on the Gas Barrier

and Mechanical Properties
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and Mangala Joshi

1 Introduction

Thermoplastic polyurethane (TPU) films and coatings are widely used for outdoor
structures, inflatable systems and lighter than air (LTA) vehicles/systems due to a
variety of excellent properties. TPU is also used as aerostat and airship design mate-
rial [1]. However, like other polymeric materials, TPU is also susceptible to degra-
dation when exposed to aggressive environments which significantly deteriorate the
properties of TPU. Prolonged exposure under natural or artificial weathering causes
irreversible degradation in chemical structure, mechanical properties and physical
properties of PU films due to the presence of harmful UV radiation in the solar spec-
trum. As a consequence, the helium gas barrier and tensile properties of PU films
are significantly affected and the overall service life of the LTA envelope is reduced.
However, the weather resistance properties of PU films strongly depend on chemical
structure and molecular chain orientation. It has been reported that aliphatic grade
PU provides better weather resistance than aromatic grade PU [2].

In the last few years, the influence of the weathering process on the prediction of
life of the envelope material has attracted increasing attention [3]. In this context,
several studies have been proposed doing natural and artificial weathering tests [4—6].
However, natural weathering is most of the time is not repeatable due to dependency
on several natural factors. Therefore, the artificial weathering test is more reliable to
simulate natural weathering in controlled weatherometer apparatus [7, 8]. It has been
reported that xenon arc-based light sources are widely used to simulate UV radia-
tion from the Sun, and such artificial weathering has been demonstrated in several
studies on the ageing characteristic of polymers and polymeric blends/composite s
[9]. There are a few studies which have been carried out with polyurethane films and
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coatings in xenon arc-based accelerated artificial weathering conditions using labo-
ratory weatherometer [10, 11]. However, weathering environment has not been fully
described using xenon lamp because it produces a higher relative intensity of shorter
wavelength which simulate the extremely harsh environment more accurately. Thus,
to simulate outdoor natural weathering in artificial weatherometer apparatus more
environmental factors have to be incorporated.

Hence, in this work, accelerated artificial weathering process is particularly
designed for testing of coated and laminated flexible textile material which is used
in developing envelope of LTA systems. Such weathering condition especially gives
the UV radiation in the range of 340 nm using glass filters, other weathering parame-
ters like irradiance, humidity, temperature and wind speed are set to simulate natural
weathering with a higher UV exposure rate. To study weather resistance properties
aliphatic and aromatic polyether-based different types of TPU have been used to
study the influence of accelerated artificial weathering on tensile properties, helium
gas barrier and change in surface morphology.

2 Material and Method

2.1 Materials

Aromatic and aliphatic polyether-based thermoplastic polyurethane (TPU) polymer
resins were procured from Lubrizole Advanced Materials, Europe, under the trade
name of ESTANE®. Pellets were dried under vacuum for 3 h at 70 °C before
transforming them into a continuous film.

2.2 TPU Extrusion Cast Film Preparation

Polyether-based aliphatic and aromatic TPU films used in this study were produced
in the lab using a single screw extruder connected with cast film unit (LabTech Engi-
neering, Model LCR 300 HD, Thailand). Single screw L/D 30 was used at predefined
temperature profile 160, 170, 170, 180, 180 °C. Roller speed was maintained between
0.8 and 1 m/min to obtain a uniform thickness of continuous 100 pm film with 30 cm
width. Figure 1 shows the single screw extruder and extrusion film casting assembly
used for developing TPU films.
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Fig. 1 Different stages of aliphatic and aromatic TPU film preparation by using single screw
extruder connected with film casting unit

2.3 Artificial Accelerated Weathering Test

Artificial weathering tests were performed to evaluate the stability of the TPU films
studied. ATLAS Xenotest 440 weatherometer was used, which simulates the severe
outdoor environmental condition (see Fig. 2) The 2000 W xenon arc lamp was used
to produce solar radiation, and a glass filter was used to exclusively allow 340 nm UV
radiation. Weathering tests were carried out according to ISO 4892-2 standard, which
is used to study artificial weathering tests for coated flexible textile materials. Both
the aromatic and aliphatic films were exposed in the combined effect of irradiance,
temperature, humidity and wind at different time intervals of a dry and a wet cycle.
Irradiance was 0.51 £ 0.01 W/m?, temperature 38 °C = 1, fan speed 2000 rpm and
relative humidity was 50% during dry cycle and 100% in wet cycle. A dry cycle was
set for 102 min and a wet cycle for 18 min. These dry and wet cycles were repeated
up to 500 h. Testing samples were taken out every 100 h to investigate the mechanical
properties, helium gas barrier, surface morphology and chemical structure change.
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Fig. 2 Accelerated artificial weathering test: a laboratory weatherometer, b exposure chamber and
¢ chamber with sample panel in spherical fashion

2.4 Characterization Techniques

Following characterization techniques were used to evaluate the weather resistance
properties of the exposed TPU films.

Tensile Testing. Mechanical strength of exposed films was measured in INSTRON
tensile testing machine (Model no 5960), USA. Load cell with 5 kN capacity was
used, and tests were carried out in tensile mode with specimen size 10 cm x 2.5 cm
keeping extension rate 500 mm/min according to ASTM standard D882. Results were
extracted from Bluebill software, and breaking strength, modulus and % elongation
were reported.

Helium gas permeability. Low helium gas permeability is a critical requirement
of any LTA system. For artificial weathered films, helium gas permeability was
measured according to ASTM D1434 using Labthink, Classic 216 gas permeability
tester. Tests were carried out through the differential pressure method in proportional
mode with helium gas pressure 100 kPa and test area was 38.48 cm”. The helium
permeability test was repeated three times for each sample.

ATR-FTIR analysis. Change in chemical structure was assessed by FTIR analysis
in ATR mode using Nicolet iS50 Thermoscientific with ZnSe crystal. Spectra were
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recorded at room temperature in the range from 4000 to 500 cm~' using 64 scans
with 4 cm™! optical resolution.

SEM analysis. Surface morphology of unexposed and exposed TPU films was
studied in ZEISS Ev18 apparatus equipped with an X-ray probe (INCAEnergy
Oxford, Cu Ka X-ray source, k ¥4 1.540 562 A), under the voltage of 20 kV. The
sample was cut in 2 mm? shapes and placed on carbon tape and sputter-coated with
the gold layer.

AFM analysis. The surface roughness of exposed TPU films was assessed by AFM
analysis. When the exposed films were removed from a weatherometer chamber after
different exposure time intervals, a 5 mm? square specimen was cut for AFM studies.
The AFM used in this work was a Nanoscope IIla (Digital Instruments, California).
A “J” scanner (125 pm scan region) was employed to collect the topography of 20
wm? region. The collected 2D AFM images were processed by Gwyddion software
to obtain 3D AFM images.

UV protection factor measurement. The ultraviolet protection factor (UPF) of
TPU films was measured for unexposed and exposed TPU film samples. Testing was
performed according to standard AATCC 183:2000, by a UV transmittance analyser
(Labsphere 2000F) over a wavelength range of 290-450 nm. For each sample, scan-
ning was done at ten different places, and an average was taken to calculate the %
UV transmittance and UPF rating.

3 Results and Discussion

3.1 Mechanical Properties

Tensile properties of TPU films evaluated before and after the exposure shows that the
aromatic and aliphatic TPU films behave differently during tensile testing (see Fig. 3).
Tensile testing results are collected in Table 1. In aliphatic TPU films as the exposure
time increases breaking strength and % elongation abruptly increase in 100 h due
to the formation of stronger bonds which allows to better stress transfer resulting
in higher breaking strength. Further, increasing the exposure time gradually reduces
the breaking strength and % elongation, at the same time modulus increases up to
500 h but after that, film material degraded and start behaving like soft material and all
tensile parameters decreased. This is ascribed to the scission of longer polymer chains
into shorter chains due to the degradation under artificial weathering (UV exposure).
Besides, aromatic TPU films also show similar behaviour in 100 h and increment
in breaking strength, % elongation noticed thereafter increasing the exposure time
lower the breaking strength and % elongation, at the same time, modulus increases
with longer exposure time. This behaviour is attributed to the crosslinking in the
polymer chains caused by UV radiation. After 300 h of exposure, aromatic TPU film
becomes brittle material because the modulus value significantly increases but other
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Fig. 3 Tensile properties of aliphatic and aromatic TPU films after exposure; (a) TPU-AL and (b)
TPU-AR films

tensile parameters decreased which is attributed to the crosslinking behaviour in
aromatic TPU film. This crosslinking behaviour is also confirmed by FTIR analysis.

3.2 Helium Gas Permeability

Helium gas barrier is one of the most important properties of LTA envelope mate-
rial, and TPU films are used in designing weather resistance and gas barrier layers
material. Helium gas permeability study of aliphatic and aromatic TPU exposed film
exhibit opposite behaviour to each other. Helium permeability of artificial weathered
TPU films is shown in Fig. 4a-b and data is collected in Table 2. In order to get
extrapolated values for a longer duration of exposure, the polynomial curve fitting
equation was used, and data was extrapolated up to 900 h exposure time. Helium
barrier results of TPU-AL film show that permeability was slightly changed up to
500 h exposure. This behaviour shows that aliphatic film has weather resistance
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Table 1 Tensile properties of exposed aliphatic and aromatic TPU films

Sample code Breaking strength (N/2.5 cm) Modulus (MPa) Elongation (%)
TPU-AL 19+ 1 10.26 £ 1 222 + 25
TPU-AL-100 h 82+5 1097 £3 700 £ 70
TPU-AL-200 h 62+t4 13.47 +£2 586 + 10
TPU-AL-300 h 56 £2 1438+ 3 300 £ 12
TPU-AL-400 h 44 + 4 1647 +2 235+24
TPU-AL-500 h 11+£2 1085+ 1 80+ 4
TPU-AR 202 10.1£2 316 £ 30
TPU-AR-100 h 38+ 1 13.82+5 582 £+ 28
TPU-AR-200 h 37+£2 1476 £2 589 £+ 36
TPU-AR-300 h 5+1 423843 67 £ 31

properties as far as helium permeability is concerned. However, extrapolated data
shows that even after 900 h exposure TPU-AL film has helium permeability up to
4.5 L/m?/24 h.

Conversely, when TPU-AR film was exposed in artificial weathering initially
helium barrier increased as exposure time increases up to 300 h which is attributed
to the molecular rearrangement that leads to the crosslinked structure in aromatic TPU
film, and increasing exposure time gives a higher helium permeability value because
the cracks were observed on the surface of aromatic TPU films, these cracks on film
surface were also confirmed by SEM analysis. When this data is extrapolated using
the polynomial equation, the value of helium permeability is significantly decreased
in 900 h which shows permeability up to 30 L/m?/24 h. Practically, film loses its
helium retention property after 900 h. This finding concludes that aromatic film is
seriously degraded under UV exposure.

3.3 Surface Degradation

Surface morphology: Surface degradation of TPU films was also assessed by surface
morphology and surface topography analysis. SEM analysis was used to study surface
roughness and cracks on exposed TPU films (see Fig. 5). SEM micrograph of aliphatic
TPU film shows that the surface of the film remain smooth as there were no cracks
observed, except slightly roughness on the surface after 500 h. However, SEM micro-
graph of aromatic TPU film shows cracks after 500 h exposure in artificial weathering,
there were clear cracks noticed; however, film still has helium permeability around
1.9 L/m?/24 h, and it means that these cracks are formed only on the top surface. This
finding concludes that aliphatic film is more stable in UV exposure than aromatic
film.
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Table 2 Helium gas permeability of unexposed and exposed TPU films

Samples Helium gas permeability (L/m?/24 h)

Exposure time

Oh 100 h 200 h 300 h 400 h 500 h
TPU-AL 2.8 2.6 2.6 2.6 2.7 2.9
TPU-AR 3.8 47 34 2.3 2 1.9

Surface topography: Surface roughness was also evaluated by AFM analysis
through tapping probe taking a testing area of 20 wm?. Figure 6 shows the 3D images
of AFM analysis after 500 h exposed films of TPU-AR and TPU-AL. Similar to SEM
micrographs, AFM images of TPU-AR also show a very high peak height of 61 nm
and RMS roughness value of about 68 nm. This is attributed to the noticeable degra-
dation of TPU-AR film during UV exposure in artificial weathering test. On the other
hand, TPU-AL film exhibits only roughness at peak height up to 23 nm and RMS
roughness around 14 nm. This finding indicates that TPU-ALl film remains stable
during UV exposure in artificial weathering.
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before » after
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Fig. 5 SEM micrographs of TPU films surface before and after 500 h artificial weathering; a and
b for TPU-AL, ¢ and d for TPU-AR films surface
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Fig. 6 AFM images of 500 h exposed aliphatic and aromatic TPU films; a TPU-AR-500 h and b
TPU-AL-500 h

3.4 Chemical Structure

ATR-FTIR analysis was used to study the change in chemical structures after artificial
weathering. Several characteristic peaks were assigned based on the literature study.
Figures 7 and 8 represent the ATR-FTIR spectra of unexposed TPU film, 300 h and
500 h exposed film.

Aliphatic TPU film shows a characteristic peak at 3315 cm™' due to the presence
of N—-H stretching of urethane linkage. The peak at 1680 cm™' occurs due to the
carbonyl stretching of urethane linkage in TPU. Other peaks at 1522, and 1450 cm ™!
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Fig. 8 FTIR analysis of aromatic TPU films before and after exposure of 300 h and 500 h
relates to C-H stretching as well as N-H vibrational peak and peak at 1215 cm™! and

1052 cm™~! indicates the presence of C—O—C (ether) groups in TPU films. However,
after weathering, TPU-AL film shows a reduction of these peaks due to UV exposure
that breaks long molecular chains on the surface of the specimen and forms low
molecular weight oxygen containing groups resulting in higher intensity of C-O-
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peaks between 1250 and 1000 cm™!. Similar characteristic peaks are identified in
spectra of aromatic TPU film, peaks at 3315 cm™' N-H stretching and peak at
1680 cm™!' C = O stretching due to the urethane linkage of TPU. Other peaks at
1522 and 1412 cm™! relates to C-H stretching and peak at 1215 cm ™! and 1052 cm™!
indicates the presence of C—O—C groups. As the exposure time interval increases the
peak at 1680 cm™! and 3315 cm™! decrease owing to the degradation in TPU-AR
film and peak at 1590 cm~' increases due to the formation of urea groups as result
of degradation.

3.5 UPF Measurement

The ultraviolet protection factor (UPF) of any material is a measure of the effec-
tiveness of protection against UV radiations coming through the solar spectrum. A
higher UPF value of a material indicates low transmission of UV radiation resulting
in better protection from degradation by UV. Figure 9 shows the UPF rating of unex-
posed and exposed aliphatic and aromatic TPU films at different exposure times.
The UPF value of both types of TPU films was 52 with unexposed samples. UPF is
gradually increased with exposure time interval and reached 140 after 400 h due to
structural changes in TPU thereafter reduced to a value of 55 after 500 h exposure
due to degradation of molecular chains. Similar behaviour was observed in tensile
properties. Conversely, aromatic TPU film shows practically no change up to 200 h
exposure, and then it increases up to 310 after 500 h. this increase in UPF could be
attributed to the crosslinked TPU structure and yellowing in TPU leading to the partial
absorption of UV radiation and resulting in the lowering in the UV transmission.

350 -
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250 - M TPU-AR

200 -
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Fig. 9 Change in UV protection value of aromatic and aliphatic TPU films before and after artificial
weathering tests
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4 Conclusion

TPU-based coating and films are used in designing the envelop structure of LTA
systems. The weather stability of these materials is crucial in order to determine
the service life of the overall LTA structure. The chemical structure of TPU plays a
critical role to determine the weather resistance behaviour. In this work, accelerated
artificial weathering is performed to carry out the exposure study. Artificial weath-
ering parameters were specially designed to simulate outdoor natural weathering
with a higher exposure rate to UV radiation. Exposure tests carried out on aliphatic
and aromatic TPU showed different weather resistance behaviour. With increasing,
exposure time TPU film shows improvement in tensile properties at the beginning but
further increasing exposure interval leads to the reduction in tensile properties. After
500 h of exposure, both the aliphatic and aromatic TPU film lost the breaking strength
of more than 50% than that of unexposed films. Similarly, helium gas permeability
initially decreased up to 500 h, and then, films start losing the helium barrier. The
aromatic film shows the cracks formation on the surface that led to the loss of the
helium barrier. ATR-FTIR analysis also confirms the crosslinked structure formation.
This study concludes that aliphatic TPU has more weather resistance properties than
aromatic TPU film, which has more reactive groups susceptible to UV degradation
during artificial weathering.
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A Multidisciplinary Design Optimisation )
(MDO) Algorithm for the Automatic Creck o
Sizing of an Unmanned

Lighter-Than-Air Platform

Piero Gili, Ludovica Castronovo, Marco Civera, Rinto Roy,
and Cecilia Surace

1 Introduction

This study presents a multidisciplinary design optimisation (MDO) algorithm,
conceptualised and developed for the automatic design and sizing of an unmanned
lighter-than-air platform (LTA).

The MDO method was chosen to solve the design of the airship since the nature
of the problem is based on the integration of several systems and the need to think of
an optimisation for the sizing of the entire airship, considering each of the systems
and their relations.

This unmanned aerial system (UAS), presented in [1] and further detailed in [2]
and [3], is intended for remote sensing at relatively low altitudes, aiming at detailed
land use and land cover (LULC) mapping at urban or rural level (i.e. for areas
between 10° and 107 m?). The proposed MDO approach is intended to automatically
return the best design and sizing according to the intended mission requirements,
simplifying the design process. Overall, the proposed algorithm shows the capability
to automatically size the structure for the conditions of interest, as well as to return
the preferable energy system, choosing between two options (fuel cells or batteries).

Further studies are developed as a sensitivity analysis, to test the possibility to
use the algorithm for new missions, with new parameters; to do so, the analysis is
focused on the response of each subsystem of the platform (in terms of weight) to
the variation of a certain parameter.
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1.1 Problem Definition and Formulation

LTA platforms can serve a well-defined niche for earth observation and remote
sensing. Specifically, they can be deployed at a lower cost than other heavier-than-air
fixed- or rotating-wing alternatives to cover small to large areas (Figs. 1 and 2). More
specifically, an unmanned remotely piloted LTA can satisfy different applications
for LULC mapping and environmental surveillance. The specific unconventional
LTA discussed here (Fig. 3) further integrates all these advantages with an innova-
tive propulsion and control system, without aerodynamic control surfaces, a thrust
vectoring technology [4, 5] with a dedicated control law [6], and an axi-symmetric,
ellipsoidal envelope. These advantages are graphically summarised in Fig. 4.
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Fig. 1 Comparison of remote sensing platforms. Source Retrieved from [1]

Fig. 2 Qualitative estimates
of costs per surveyed square
kilometre. Source Retrieved
from [1]
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The Forward Propellers can rotate around their axis.
This feature makes the LTA platform less sensitive to
the lateral gusts.
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Fig. 3 3D rendering of the LTA platform intended for this study, with an illustration of the

propulsion system. Source Retrieved from [1]
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Fig. 4 Advantages and limitations of comparable land survey strategies. Source Retrieved from
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This specific design derives from previous studies, performed throughout the last
twenty years [7—10] and that led to the proposal described in [1]. From a structural
perspective, it is a single-rib design, with the six propellers and the payload gondola
directly attached to this sole load-carrying element.
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Table 1 Sensors included in the payload
Target measurement Technical details
Commercial product Reference datasheet | Weight (kg)
considered
Visible infrared bands 1 Phase one® [12] 2.15
iXM-RS150F camera
Thermal infrared bands 1 NEC® TH9260 [13] 1.70
thermographic camera
Near, short wave, and mid | 1 SPECIM® Aisa DUAL | [14] 50.00
wave infrared bands hyperspectral system
Laser scanning 1 Optech® ALTM Galaxy | [15] 33.50
T1000 laser scanner

Thus, this proposed LTA platform is intended to carry a relatively large array of
sensors as its payload. This is reported in detail in Table 1.

However, even having the payload and the control and propulsion system defined,
both the project and the sizing of the remaining components are not trivial. For
instance, there is no a priori optimal choice for the power system; both fuel cells or
batteries could be potentially preferable, depending on the mission requirements (in
particular, the survey area and the distance from the mission location). In turn, the
selection of one specific option affects the total mass of the system, hence the final
size (length and diameter) of the airship.

All these parameters depend on the mission requirements, as the LTA platform is
supposed to:

Depart from a suitable take-off location;
Fly to the target survey area at a given cruise speed and altitude;
Perform the survey (with a survey speed and altitude defined by the sensing
devices’ limitations);
e Fly back to the starting location.

One can see that the problem can only be solved iteratively, incorporating different
assumptions and finding the optimal trade-off among different sizes and different
power supply strategies.

For this reason, an optimisation code was specifically realised in MATLAB to
automatise the design process. This follows the main principles of multidisciplinary
design optimisation [11].
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2 Methodology

In general, MDO is a method to solve design problems that include different disci-
plines, by optimising simultaneously the entire system, not every discipline sepa-
rately; it is therefore essential to analyse and use the relations and interactions
between the subsystems in order to get an overall understanding of the problem.

The main steps to develop a MDO algorithm are: (1) the selection of the design
variables and their constraints (in this case, some mission parameters and the respec-
tive ranges of interest), (2) the selection of the objective to minimise or maximise (in
the design of an airship, this is represented by the weight or volume which should
be minimised), and (3) a model to link these objects.

Several MDO strategies are already available from the published scientific litera-
ture (see e.g. [16]). However, almost all of these algorithms and concepts are intended
for heavier-than-air platforms, which have different needs and limitations than the
ones of interest here.

Thus, a novel strategy, not based on any existing alternatives, is developed. The
code consists of an iterative procedure varying four main parameters:

1. The total length of the LTA platform L;

2. The cruise speed (from the take-off point to the target survey area) v;
3. The cruise altitude (from the take-off point to the target survey area) z;
4. The slenderness ratio of the envelope d/L.

These are varied in pre-set intervals of interest. For each iteration, a logical process
is followed that leads to the selection of only those solutions that meet the mission
requirements and sustenance of the airship; finally, among these, the combination of
parameters that guarantees the lowest weight is saved and stored.

The script, therefore, allows obtaining the size and weight of the airship as an
output, especially considering how the masses are distributed (in percentage) among
the several components (payload, load-bearing structure, power system, etc.).

The code is intended to adapt for the specific mission requirements, as described
before, receiving the following inputs:

1. Survey speed, in m/s;

2. Survey altitude, in m;

3. Payload, in kg (considering the one reported in Table 1, a subset of it, or another
selection of remote sensing devices);

4. Survey area, in m2.

The strategy followed is one of concurrent subspace optimisations [17]. That
is to say, three subsystems—the power system, the propulsion system, and the
load-bearing structure— are concurrently optimised. This is necessary since these
subsystems are coupled with one another.

All the components of the energy and propulsive systems are computed for both
the cruise and the survey phases, in terms of mass and associated power. Eventually,
the higher weight solution is saved; this step is summarised in Fig. 5 under the label
‘on-board system’, and displayed at the side of the complete diagram.
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Fig. 5 Flow chart of the complete MDO algorithm

Each solution, if feasible, is saved. At the end of the process (i.e. after all the
four main parameters have been tested on their respective ranges, considering all the
potential combinations), the feasible solutions are searched for the optimal trade-off.
The complete algorithm is graphically depicted in Fig. 5.

3 Results

3.1 Variation of Payload and Associated Power

Several combinations of sensors have been evaluated, with and without the laser scan-
ning and/or the hyperspectral camera. The removal of these sensors, which contribute
the most to the estimation of the payload and the related power, has a direct influence
on the total mass of the airship, affecting also the energy system; however, it does
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not involve relevant changes in the optimal configuration of the platform, and it still
ensures the advantage of the fuel cells system above the use of batteries.

3.2 Energy Systems

A comparison between the two proposed energy systems has been developed, to
establish which solution is more convenient, in terms of weight, as a function of
the distance from the mission location; this analysis has been repeated for different
values of the survey area (10°-10°—107 m?).

The outcomes of this specific study show that in case of low autonomies (i.e. for a
survey area of 10° m?), the battery configuration proves to be more convenient below
a certain distance from the mission location. The results are displayed in Figs. 6 and
7 as graphs that illustrate the relationship between the distance and the respective
weight of the two energy systems.

Furthermore, a methodic sensitivity analysis is performed accordingly to the
mission requirements—considering a cruise altitude varying between 500 and
1000 m, a cruise speed between 10 and 30 m/s, a survey area between 10° m?
and 107 m?, and a length of the airship fixed between 30 and 50 m.

Out of all the feasible solutions, the fuel cell solution prevailed over the battery
option for all the possible mission requirements except that for very small areas and
very short cruise distances (i.e. when the required autonomy was minimal), showing
a result that proves to be consistent with the outcomes of the original algorithm for
the design of the airship. It was found that the cruise altitude affects the overall
mass especially due to the weight increase of the ballonets. The cruise speed has an
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Fig. 6 Airship weight as a function of the distance from mission location, for the two energy
systems, considering a survey area of 107 m?
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impact on flight time and the power needed when cruising: higher speeds require
more energy, thus heavier solutions, which must provide more power to overcome
the increased drag. Nevertheless, at least one feasible solution was found for any
specific set of mission requirements. Indeed, under all conditions, the automatic
MDO algorithm returned designs that were deemed acceptable from an expert user.

4 Discussion and Conclusions

The topic of multidisciplinary design optimisation is of great interest in the field of
aerospace design, yet not much addressed for the specific case of LTA platforms,
let alone for RPAS medium- to large-size airships. The proposed algorithm allows
sizing and designing an unmanned, remotely piloted, low-altitude LTA in a parallel
and automated fashion, accordingly to the mission requirements. This automation
can return the optimal LTA parameters almost immediately. This is a noteworthy
improvement with respect to the long time required by human-made, sequential,
trial-and-error-based traditional design procedures. For this specific aim, the goal
(at both system and subsystem level) was to find the feasible design which satisfies
all the constraints for the minimum total mass and given survey conditions. These
constraints were mainly weight and power balance, that is to say, to guarantee buoy-
ancy and self-propelling capabilities at any time throughout the whole duration of
the mission. However, this can be further modified if needed, making the algorithm
even more versatile and applicable for similar tasks, not limited to LULC survey.
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The Concepts of Telescopic )
and Self-Deployable Tensegrity-Based L
Helium-Filled Aerostats

Lech Knap ®, Andrzej Swiercz®, Cezary Graczykowski®),
and Jan Holnicki-Szulc

1 Introduction

Airships and balloons were the first flying vehicles but for a long time, their usage
has been very limited due to development of aviation. Specified military application
included reconnaissance missions and ocean surveillance [1, 2], while the civil use
was interrupted by crash of the Hindenburg in 1937. Recent technological changes
have caused renaissance of airship applications. At the beginning of the century, many
new-generation helium-filled airships enabling long-term and low-energy flights
have been constructed and used for low-cost stratosphere and mesosphere explo-
ration [3, 4]. Currently constructed airships provide telecommunication in rarely
populated areas, serve as remote monitoring systems and research pseudo-satellites
[5-7]. The most well-known examples of airships are Zephyr S, Russian concept
Berkut, Lockheed Martin’s ISIS and French Stratobus.

The first part of this contribution proposes adaptive telescopic aerostat [8]
with multi-segmented construction, which is equipped with controllable segments’
couplings, additional pressure tank with compressor and valve. The proposed system
allows to modify pressure difference between the aerostat and the atmosphere, and
to obtain desired volume of the aerostat at each altitude. As a result, the vertical
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motion of the aerostat can be controlled in arbitrarily selected manner. In particular,
flight path with pre-defined altitude changes can be obtained with minimal transfer
times or with minimal energy requirements for the compressor. Two corresponding
control strategies aimed at maximal control efficiency and minimal control cost are
presented and compared in the following part of the paper.

In the second part of this contribution, the authors propose aerostat based on
deployable tensegrity structure with active elements of controllable lengths [9, 10].
Such construction enables convenient transport of the aerostat in a compact form with
the use of an hot-air balloon or an aircraft and its automatic deployment at operational
altitude. The tensegrity structure provides low mass of the aerostat, adequate support
of the aerostat envelope and possibility of transferring point loads resulting from
carried cargo. On the other hand, it enables convenient change of the aerostat volume
and shape during the flight. The change of volume can be used to control the actual
buoyancy force and resulting vertical motion of the aerostat (‘“'V-mobility”). In turn,
the change of aerostat shape can be used for changing the influence of lateral wind
gusts or controlling horizontal stability during the mission (“H-stability”). In both
above cases, the attention of conducted research is focused on strength analysis
during the process of morphing.

2 The Concept of Adaptive Telescopic Aerostats

The proposed concept for vertical mobility is based on the reversible, telescopic
option for the aerostat volume modifications, in which the crucial feature is system
composed of structural sections connected via controllable actuators fixing or
releasing their relative movement and additional helium container (pressure tank)
allowing controllable release or absorption of gas [8]. The design concept of the
small high-altitude pseudo-satellite (HAPS) module applied in further analyses of
its mobility and load-carrying capacity is illustrated in Figs. 1 and 2. The construction
consists of a cylindrical housing reinforced by axial and circumferential ribs.

Fig. 1 Scheme of the HAPS D .
design: aerostat in compact u -~
form
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Fig. 2 Scheme of the HAPS N
design: aerostat in extended

form /‘\\_

The HAPS offers a possibility of volume modification by changing the length of
the cylindrical section from initial dimension of D to the maximal dimension of 2D.
It is possible due to the construction consisting of the inner (1) and outer segments
(2), which are sliding along linear guideways (7). Relative motion of these guideways
can be blocked by actuator (3), which creates the clamping mechanism providing
control of the aerostat volume.

In order to achieve a proper mobility, the aerostat is equipped with an additional
gas storage tank (4) with an additional amount of pressurized helium. This additional
tank serves for the purpose of generating the pressure difference between aerostat
and its environment. The created overpressure or underpresure is used to generate
forces needed to fold and unfold the aerostat. In order to reduce helium losses caused
by its release to atmosphere, the aerostat is equipped with a compressor (6) and a
valve (5), which control the flow of helium from the aerostat back to the additional
gas tank.

Application of the above described system composed of additional pressure tank,
the compressor and the valve enables precise control of the gas flow and actual
pressure difference between the aerostat and the atmosphere during the ascending
and descending processes. This allows to control the process of folding and unfolding
of the aerostat, to generate the required value of the lift force resulting from buoyancy
and to obtain equilibrium position of the aerostat at desired altitude.

3 Comparison of Strategies for Control of Aerostat Motion

In the considered control problem, we will analyse the process of aerostat ascending
and descending of total duration of 12,000 s. During the first part of the process, the
aerostat should ascend from the ground level to initial equilibrium position located at
h; =350 m, next it should float to the target altitude 43 = 5000 m with an intermediate
stop at the altitude /1, = 3000 m. Further, in the second part of the process, the aerostat
should descend from the altitude 23 = 5000 m back to altitude 45 = 350 m, with the
intermediate stop at the altitude of 44 = 3000 m.

The first control problem is to find change of aerostat volume and the corre-
sponding required change of pressure difference between the aerostat and the atmo-
sphere, which enable realization of the above defined aerostat flight path, providing
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the shortest time motion between the assume altitudes. The solution involves maxi-
mally fast change of pressure difference and step-wise change of aerostat volume at
the beginning of each stage of ascending and descending. The conducted simulations
(Figs. 3 and 4, red lines) indicate that each stage of ascending and descending process
is associated with large amount of work done by the compressor. In particular, large
power consumption is required at the beginning of the descending stages, when large
mass of helium has to be transferred to the storage tank to reduce the volume of the
capsule and allow atmospheric pressure to fold the structure.

The second control problem is to find change of aerostat volume and the corre-
sponding required change of pressure difference between gas pressure in the aerostat
and the atmospheric pressure, which enable realization of the above defined aero-
stat flight path, providing minimal energy used for gas transfer between additional
gas tank and aerostat. The optimal solution leads to realization of the entire process
in possibly slow manner, with minimal pressure difference between gas pressure
in the aerostat and gas pressure in the storage tank. In the conducted simulations
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(Figs. 3 and 4, blue lines), the modification of aerostat volume is conducted progres-
sively during subsequent pre-defined time periods of ascending and descending. As a
result, each stage of the process is associated with significantly smaller work done by
compressor. In particular, initial parts of descending stages do not require excessive
power consumption.

4 The Concept of Tensegrity-Based Aerostat

The simplest tensegrity-based aerostat utilizes “tensegrity prism” composed of three
struts and nine tendons as an internal skeletal structure (Fig. 5a). Selected nodes
(1a) of the tensegrity are permanently integrated with aerostat envelope, while the
other nodes (1b) are connected slidably in order to avoid excessive internal forces.
The applied tensegrity structure differs from the classical one since three vertical
tendons (green-coloured, 1e) are highly elastic, while the horizontal stiff tendons
(blue-coloured, 1c) have controllable lengths. Structural stability of the structure is
ensured by the stiff struts (red-coloured, 1d).

The aerostat based on such a tensegrity structure has cylindrical shape with two
hemispheres located at the lateral sides (Fig. 5b). Symmetric shortening of the stiff
tendons of controllable lengths implies change of cylinder radius, decease of aerostat
volume and causes that aerostat shape becomes more slender. In turn, asymmetric
shortening of the tendons causes asymmetric deformation of the aerostat and changes
its resistance to winds in axial direction.

The more complex tensegrity-based aerostat has a skeletal structure composed
of four tensegrity modules. Each tensegrity unit is based on two squares rotated by
45° (Fig. 1c—d), in which the stiff tendons (1c) are arranged into crosses. The struts,
highly elastic and controllable tendons are shown in Fig. 5c. The set of movable
joints of each unit tensegrity structure is slidingly connected to guide rails, which
are bounded to the aerostat envelope.

In this case, the aerostat has a shape of ellipsoid with a circular cross section
in the vertical plane. The considered aerostat is 10 m long and 2 m wide, and it is
divided into three chambers with the use of two internal diaphragms. Application of
four tensegrity modules provides wide possibilities of changing aerostat shape. In the
proposed solution, the shape of the arbitrary section can be significantly modified,
which causes that aerostat can be precisely adjusted to wind gusts in both axial and
lateral directions, leading to the process of “adaptive morphing.” Such process can
be efficiently conducted using controllable retractors, such as rotary electric motors
or linear actuators, serving for contraction or elongation of stiff tendons.
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Fig. 5 a Single module of foldable tensegrity structure; b Single-chamber tensegrity aerostat;
¢ Four-module tensegrity structure; d Three-chamber aerostat with four modules of tensegrity
structure

5 Strength Analysis of Tensegrity-Based Aerostat

The FEM-based strength analysis conducted in ABAQUS software was aimed at
finding distributions of internal forces in skeletal structure and aerostat envelope
caused by pressure differences at various altitudes. The mesh of the envelope and
nodes of the tensegrity structure is illustrated in Fig. 6. The envelope and diaphragms
are modelled by means of 3- and 4-node membrane elements, and the stiffening
plates in the locations of connection with tensegrity joints and guide rails—by
shell elements, bars and guide rails—by beam elements, highly elastic tendons—
by truss elements, stiff tendons, retractors and sliding connections—by special type
of elements called connectors. For computations, the following material data was
assumed:

e envelope and diaphragms: t = 50 wm, p = 1390 kg/m> and E = 0.43 GPa;

® bars, guide rails (pipe cross-section, t = 1 mm) and stiffening plates (r = 1 mm)—
carbon fibre: p = 1580 kg/m3 and E = 87.0 GPa;

e highly elastic tendons (rubber-like material): p = 900 kg/m? and E = 0.05 GPa;

e stiff tendons: t = 3 mm, p = 7850 kg/m® and E = 210 GPa.).
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Fig. 6 Numerical model of a three-chamber aerostat with four tensegrity modules

The total mass of the aerostat including payload equals to 15.2 kg. A structural
strength assessment was performed for three altitudes: #; =5 km, /i, = 3.725 km and
h3 =2 km. Firstly, toreach the altitude of /1, helium mass of 2.537 kg was inflated into
the aerostat. Then, aerostat was partially deflated by transferring 0.095 kg of helium
to additional tank. Finally, all stiff tendons were uniformly shortened to decrease
aerostat volume and achieve the altitude of #3 = 2 km. The changes of atmospheric
pressure were based on NASA’s atmosphere model.

The equivalent von Mises stresses in the envelope computed for all considered
altitudes are presented in Fig. 7. The highest level of the stresses is reached for the
altitude of 4; = 5 km—about 50 MPa in the membrane and 67 MPa in the stiffening
plates. Descents to the altitude s, = 3.725 km, being the results of helium transfer,
causes that equivalent von Mises stresses are decreasing. When the aerostat continues
its descent due to tendons shortening, the stresses in the bar members of tensegrity
structure sharply increase to 240 MPa, but they do not exceed the yield stresses limit
of the applied material.

6 Discussion and Conclusions

The paper presents positive preliminary verification of two concepts of adaptive
aerostats: (i) telescopic aerostats with multi-segmented construction and (ii) aerostats
based on self-deployable tensegrity structures. In the case of telescopic aerostats, the
conducted simulations prove that control of internal pressure and resulting exten-
sion of the aerostat can be used to achieve desired altitudes possibly fast and provide
significant reduction of energy consumption. In the case of tensegrity-based aerostats,
the aerostat volume and resulting equilibrium altitude can be effectively modified by
control of tendons, and such operation does not induce excessive values of stresses.
It can be concluded that both proposed constructions significantly increase control-
lability of aerostat vertical mobility, and thus they are promising solutions in future
applications.
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and Rajkumar S. Pant

1 Introduction

Accurate estimation of aerodynamic force coefficients is essential in the design of
lighter-than-air (LTA) systems (i.e., aerostats or airships), and it significantly affects
the sizing of propulsion and control systems [ 1, 2]. Even for shape optimization of the
LTA system envelope, the estimation of aerodynamic coefficients plays a very vital
role. These aerodynamic coefficients can be obtained using various techniques such as
empirical formulae, experimental studies, or CFD codes. The drag coefficient for the
bodies of revolutions is generally obtained using empirical formulae or co-relations
based on experimental studies, such as one reported by Hoerner [3]. However, such
formulations are only valid for envelope shapes with limits on a range of their fineness
ratios and position of maximum diameter, as confirmed in previous studies [2, 4].
Determination of aerodynamic coefficients by experimental techniques involves a
huge experimental setup and often it turns out to be economically not viable to test the
full-scale model, and scaled-down models can be tested using wind tunnels. But while
scaling down models, the effect of laminar to turbulent transition is compromised.
To initiate the effect of laminar to turbulent transition, turbulence strips are placed
on the model at an assumed point during experimental testing. This significantly
affects the accuracy of aerodynamic coefficients. Wang et al. [5] have carried out the
experimental testing of a scaled-down model of the Zhiyuan-1 airship by placing the
turbulence strips at transition locations obtained using empirical formulae [5].
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Estimation of the aerodynamic coefficients using CFD techniques is possible,
but the prediction of laminar to turbulent transition is still a challenge. Classical
turbulence models assume flow to be fully turbulent and this affects the accuracy of
aerodynamic coefficients. Solving the full 3D Navier—Stokes equation with suitable
turbulence models, or direct numerical simulation (DNS) is the most accurate and
comprehensive method to simulate 3D flows around an LTA vehicle. However, the
DNS technique demands a huge computational resource; therefore, performing DNS
is not a viable option for many real-life LTA flight envelopes. However, the Reynolds-
Averaged Navier—Stokes (RANS) method of CFD can be used to accurately predict
the aerodynamic coefficients by instilling the effect of laminar to turbulent transition
to the CFD code. Suman et al. [6] have carried out a 3D RANS simulation of flow over
the Zhiyuan-1 airship envelope by assuming the transition point at various locations
along its length and have compared the results obtained with experimental work
carried out by Wang et al. [5].

The present study aims to establish the efficacy of laminar to turbulence transi-
tion over bodies of revolution using an open-source code OpenFOAM® for accurate
estimation of the aerodynamic coefficients of envelopes of LTA systems. With this
aim in mind, the study will be carried out in four steps, viz.

(1) Validation of the k-w SST-LM turbulence model [7] with experimental results
obtained by Furst et al. [8] for the flat plate cases, to establish the efficacy
of the k-w SST-LLM turbulence model in the transition prediction using the
OpenFOAM®.

(2) Establishing the efficacy of OpenFOAM® for carrying out CFD analysis of
aerostat envelopes.

(3) Evaluation of assumed point transition analysis of Zhiyuan-1 airship envelope
and to compare the results with experimental data and the results obtained by
Ref. [6].

(4) Validation of the k-w SST-LM turbulence model for the aerodynamic analysis
of the Zhiyuan-1 airship envelope using the OpenFOAM®.

OpenFOAM® is a C++ library, originally developed by Henry Weller at Impe-
rial College, London, in the late 1980s for solving continuum mechanics problems.
OpenFOAM® C++ library is used primarily to create an executable, known as appli-
cations. The applications fall into two categories, viz., solvers, designed to solve a
specific problem in continuum mechanics; and utilities, designed to perform tasks that
involve data manipulation. One of the strengths of OpenFOAM® is that new solvers
and utilities can be created by its users with some pre-requisite knowledge of the
underlying method, physics, and programming techniques involved. OpenFOAM®
is supplied with pre and post-processing environments. The interface to the pre-
and post-processing are themselves OpenFOAM® utilities, thereby ensuring consis-
tent data handling across all environments. The overall structure of OpenFOAM® is
shown in Fig. 1.
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Fig. 1 Overview of OpenFOAM® structure [9]

2 Validation for Flat Plate Cases

The CFD simulations were carried out using the k-w SST-LM turbulence model for
the three cases of an experimental study carried out by European Research Commu-
nity on Flow, Turbulence, and Combustion (ERCOFTAC) [8]. Figure 2 shows the
geometry and the grid used for the validation study of the flat plate cases, and Table 1
lists the physical conditions specified in this study, assuming no gradient and ISA sea
level conditions. The results obtained for three cases are shown in Fig. 3, which shows
that the two-equation k-w SST turbulence model is not able to capture the laminar to
turbulent transition, whereas the four-equation k-w SST-LM can capture it quite well,
thus establishing the efficacy of the later model in capturing the transition between
the laminar and turbulent boundary layer.

fem] |

7 7 T o

[30mwan)

Fig. 2 ERCOFTAC flat plate test case and grid

Table 1 Three flat plate test Details T3A T3B T3AM

e U—Inlet (m/s) 54 9.4 19.8
FSTI 33 6.5 0.87
Viscosity ratio 12.0 100 8.72
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Fig. 3 Comparison of CFD results with experimental study of ERCOFTAC [8] for flat plate

3 Establishing Efficacy of OpenFOAMP® for Bodies
of Revolution

3.1 Drag Calculation of GNVR Envelope

Toward validation of OpenFOAM® for bodies of revolution, a GNVR envelope
profile of unit maximum diameter was modeled in this study. The GNVR profile,
named after its inventor the Late Prof. G. N. V. Rao of the Indian Institute of Science,
is one such profile that is quite popular. This profile is a combination of three stan-
dard geometrical constructs, viz. an ellipse, an arc of a circle, and a parabola. The
entire GNVR profile is parameterized in terms of maximum diameter as shown in
Fig. 4. The front portion of this shape has an elliptical profile, which allows easy
interfacing with the mooring system, and the rear parabolic shape ensures ease in
the attachment of the fins [2]. The GNVR profile is a low-drag envelope shape for
tethered aerostat deployed at low altitudes, through experimental investigations by
Sundaram [10], and numerical studies using source panel methods by Narayana and
Srilatha [11] and ANSYS FLUENT by Kanikdale et al. [2]. The coordinates of the
profile were generated by solving the geometrical equations parametrized in terms
of its maximum diameter. The length, volume, and surface area of the model were
estimated to be 3.05 m, 1.43 m?, and 7.29 m?, respectively. The coordinates of the
profile were imported into CATIA V5TM to generate a CAD model. A fluid domain
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Fig. 4 GNVR shape parameterized in terms of maximum diameter [13]

Fig. 5 Surface and boundary layer mesh over GNVR envelope

of size 35 m x 10 m x 10 m was considered sufficient for the CFD investigation.
This fluid domain and the CAD model were transferred to SnappyHexMesh utility
of OpenFOAM® and then mesh refinement, and snapping details are provided to
generate the mesh file. Figure 5 shows the surface mesh and boundary layer mesh,
respectively.

The flow physics and boundary conditions of the fluid domain used in the compu-
tational study are discussed in Table 2. In the present study, the simpleFoam solver
of OpenFOAM® was used for the computational study around the envelope. The
simpleFoam is a steady-state solver for incompressible, turbulent flow, using a semi-
implicit method for pressure-linked equations (SIMPLE) algorithm. The standard
k-o SST turbulence model is used along with simpleFoam for the study.

Table 3 lists the parameters that were used to carry out a grid sensitivity analysis
for three different grids (viz. coarse, medium, and fine).

The volumetric drag coefficient (Cpy) of an aerostat envelope is given by:

D
Cp =

-2 (1)
LpU2 Vi

Table 4 compares the values of Cpy of the GNVR model for the three grid sizes.
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Table 2 Flow physics and Parameters Value
boundary conditions for
numerical study of the GNVR  Density 1.185 kg/m’
envelope Temperature 288 K
Free stream velocity 36 m/s
Reference pressure 101,325 Pa
Inlet Velocity inlet
Table 3 Mesh information Parameters Coarse Medium Fine
Cell volumes 59,73,480 63,20,344 91,15,388
Hexahedra cells 42,92,614 46,35,278 74,12,882
Polyhedra cells 16,09,334 16,13,534 16,30,974
ggtl;le 4 Coefficient of drag Grid size Volumetric drag coefficient Cpy
Coarse grid 0.0153
Medium grid 0.0143
Fine grid 0.0128

Figure 6 shows the pressure distribution contours; the higher pressure acting on
the frontal area is clearly visible.

To establish the efficacy of OpenFOAM® and SnappyHexMesh grid generation
utility for CFD investigations of GN'VR envelope, the variation of pressure distri-
bution over the envelope length was compared with that obtained in the previous
studies using proprietary code (i.e., source panel method [11]) or commercial CFD

Fig. 6 Pressure contour over the GNVR envelope
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codes (i.e., ANSYS® Fluent™ [2], and ANSYS® CFX™ [12]). This comparison is
plotted in Fig. 7, and a good match is seen, except in the rear end of the envelope,
which is due to the ability of the code to capture the recirculation that occurs at that
location due to flow separation.

3.2 Assumed Transition Point Approach for Zhiyuan-1
Envelope

Flow over the Zhiyuan-1 airship envelope was modeled to evaluate the assumed
transition results with the transition point located at 40%, 50%, and 60% of the length
of the airship envelope. Figure 8 shows the Zhiyuan-1 airship envelope profile, and
the geometrical formulae used for deriving the profile.

Table 5 gives the results obtained for transition at 40%, 50%, 60%, and 100%
of the length (i.e., fully turbulent flow); the results are compared with the results
reported by Suman et al. [6].

Figure 9 shows the boundary layer mesh used for the analysis of flow over the
Zhiyuan-1 airship envelope profile.

Figure 10 plots the skin friction coefficient variation compared with the Reynolds
number along the length of the Zhiyuan-1 airship envelope.

Figure 11 shows the wall shear stress variation on the Zhiyuan-1 airship envelope
at three transition locations.

Figure 12 shows the assumed transition point comparison with the literature data
from Suman et al. [6] from Fig. 12, it is clear that the coefficient of drag values is
closely matching with the literature data.
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Table 5 C(?mpansc?n’ x/l Parameters Suman et al. [6] Present study
assumed point transition
results 0.4 Total Cpy 0.0181 0.0174
Pressure Cpy 0.0133 0.0131
Viscous Cpy 0.0047 0.0043
0.5 Total Cpy 0.015 0.016
Pressure Cpy 0.004 0.005
Viscous Cpy 0.011 0.011
0.6 Total Cpy 0.0131 0.0134
Pressure Cpy 0.0041 0.0037
Viscous Cpy 0.0090 0.0096
1.0 Total Cpy 0.025 0.025
Pressure Cpy 0.006 0.006
Viscous Cpy 0.019 0.020

il |

Fig. 9 Boundary layer mesh on Zhiyuan-1 airship envelope
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Fig. 10 Skin friction variation on Zhiyuan-1 airship

3.3 Evaluation of Transition Turbulence Model
for Zhiyuan-1 Envelope

Menter et al. [7] have proposed the k-w SST-LM turbulence model to modify turbulent
transport equations to simulate laminar, laminar to turbulent, and turbulence states in
a fluid flow. This model is also sometimes known as the “yRey-SST” model, because
it makes use of equations for y and Rey in addition to SST’s k and w equations. The
transition model consists of four equations and calculates an intermittency factor that
creates or extinguishes turbulence by slowly introducing turbulent production at the
laminar to turbulent transition location.

a(pk) 9(pUjk - — 0 ok
+ ( ])=Pk_Dk+_ (n + ox ) 7— (2)
ot ij an 3.Xj
dpw) d(pU;w) 9 dw
= Pa) - Dw - w -
or o MY AR
PO 0k dw
+2(1 — Fy) —_— 3)

0x j dx j
For intermittency, y

I(py)  3(pU;y) d mr oy
2 —p,—E, +— iy Rl 4
ot * 0x; v rt 0x; o oy ) 0x; @
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a) Transition point at 40% length

b) Transition point at 50% length

c) Transition point at 60% length

Fig. 11 Wall shear stress variation on Zhiyuan-1 airship envelope

The intermittency equation is used to trigger the transition process; it controls the
production of turbulent kinetic energy in the boundary layer.
For transition momentum thickness Reynolds number Rey

=Py 4 —
ot 3x; "t o ox;

d(pRewr) | (pURe) 9 [%(u o 8Re9t:| )

The transition onset Reynolds number equation avoids the additional non-local
operations introduced by the experimental correlations based on free stream values,
and the pressure gradient outside the boundary layer. The k- SST-LM model does
not model the physics of the transition process. The physics of the process is contained
in the experimental correlations provided to the model [7]. The key motivation of this
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Fig. 12 Comparison of assumed transition point with Suman et al. [6]

study was to investigate the efficacy of the k-w SST-LM transition turbulence model
applied to the bodies of revolution to accurately predict the onset of the laminar
to turbulent boundary layer transition and to verify the results with the assumed
transition point. The reference conditions for the computations exactly match the
ones employed in the experiments in [5]. The freestream velocity is 60.39 m/s, and
the Reynolds number based on the volume is 2.4 x 10°. Figure 13 shows the wall
shear stress variation on Zhiyuan-1 airship envelope using the k-w SST-LM transition
turbulence model.

Figure 14 shows that the variation of skin friction coefficient (Cy) along the length
of the Zhiyuan-1 airship envelope in the present study closely matches those quoted
by Suman et al. [6], in which transition is assumed to occur at 52% of the envelope
length.

Table 6 lists show that the values of the pressure and viscous drag coefficients
obtain in this study exactly match those reported for the experimental values obtained
by Wang et al. [5].

3.4 Transition Analysis on Zhiyuan-1 Envelope at Angle
of Attack

Figures 15a shows the lift coefficients and drag coefficients results of the hull at a
different angle of attacks (o). The transition analysis results are plotted against the
free transition experimental data measured in the 3.2 m diameter wind tunnel by
Wang et al. [5].
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Fig. 13 Wall shear stress variation on Zhiyuan-1 airship envelope (k-w SST-LM model)
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Fig. 14 Skin friction variation on Zhiyuan-1 airship
Tabflg 6 Complanson drag Parameters Experimental data | k-w SST-LM transition
coetficient results Wang et. al. [5] turbulence model
Total Cpy 0.015 0.015
Pressure Cpy | 0.004 0.004
Viscous Cpy | 0.011 0.011
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Fig. 15 Comparison of lift and drag coefficient of Zhiyuan-1 airship hull at different angles of
attack with free transition experimental data

The results in Fig. 15a show the lift coefficients of the simulation are almost the
same as the experimental data. Since the lift is produced by the pressure distribution
on the hull, the transition has a little effect on it. In Fig. 15b, the drag at zero angle of
attack is matching with the experimental data as shown in Sect. 3.3. The variation of
drag with the angle of attack, however, only matches the trend of the increasing drag
coefficient. At the lower range of «, the drag coefficient increases almost linearly
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instead of the quadratic manner obtained in experimental results. The deviation at
higher angles is suspected because of the high flow separation behind the bluff body.

4 Conclusions

The numerical investigations carried out as part of this study indicate that the two-
equation k-w SST turbulence model is not able to capture the laminar to turbulent
transition, whereas the four-equation k-w SST-LM transition turbulence model can
capture it quite well, and this turbulence model can be used directly for the numerical
computations to predict the onset of the laminar to turbulent boundary layer transition
instead of the assumed transition approach. The study also confirms the efficacy of
using OpenFOAM® V 5.0 for CFD analysis of aerostat envelopes for these operating
conditions, since the pressure distribution over the envelope obtained in this study
is seen to compare very well with those reported in the literature using proprietary
or commercial CFD codes. For CFD analysis of airships, the analysis at a different
angle of attacks is performed to study the effect of transition. The lift coefficient of
the hull matches well with the experiments. The drag coefficient matches the trend of
experimental data of free transition on the scaled model of the Zhiyuan-1 airship. A
further study shall include validation of transition lengths at a higher angle of attacks
and efficacy of the transitional turbulence model for flows with separation.
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Designing Helium-Filled Aerostats )
Applying Scaling Procedure, L
Mini-Models CANDY and Fly-Tests

on SKYLAB

Jan Holnicki-Szulc@®, Lech Knap @, Andrzej Swiercz ,
Grzegorz Mikulowski@®, and Cezary Graczykowski

1 Introduction

Airships and balloons were the first men-built flying vehicles. Although their initial
development has been intensive, during the last century, they have been to a large
extend replaced by aircrafts. However, recent technological developments, such as
production of advanced ultra-light helium-tight materials, have caused a renewed
interest in aerostats. Currently, produced lightweight airships (Fig. 1a) have an ability
to carry out long-term and low-energy missions at much lower costs than aircrafts
[1]. They successfully fulfil various civil and military tasks, e.g. provide communica-
tion (4G/5G technology) in hardly reachable areas and serve as reconnaissance and
surveillance systems or research pseudo-satellites [2]. Stratospheric airships provide
local connectivity in areas of natural disasters or areas with a low level of ground
infrastructure [3]. Moreover, the total costs for cargo transport or for exploration of
stratosphere, mesosphere and even space observation using airships are much lower
than in case of using airplanes or standard satellites [4, 5].
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a)

Fig. 1 a Classic tethered aerostat with well-designed aerodynamics developed by authors and b
modelled aerostat-SDT with supporting tensegrity structure

Aerostat-SDT (aerostat with Self-Deployable Tensegrity) [6, 7] is an aerostat filled
with gas from the storage tank with compressed helium (and storage tank with air
used for ballonets) with well designed, aerodynamic shape and internal self-adaptive
tensegrity-based supporting structure (Fig. 1b). Its shape can be automatically modi-
fied (increasing total volume, together with preserving aerodynamic properties and
minimizing wind drift) during climbing up, from the starting level H; (lifted by an
aircraft, rocket or by a traditional and hot-air balloon—Fig. 2), to the final altitude
H,. At altitude H,, after monitoring mission is completed, the descent phase can be
started utilizing the self-adaptive shape control of the aerostat.

The problem of optimal Aerostat-SDT design, to perform (with minimal cost of
helium and energy consumption) determined mission (timing, the levels H; and H,
and the payload to be lifted) with planned vertical mobility can be solved via numer-
ical simulations, but the corresponding experimental verification can be complicated
and costly. Especially, testing of V-Mobility (i.e. vertical mobility) dynamics via
control of release valves for helium and ballasting air can be important.

Fig. 2 a Balloon SKYLAB and b mini-model CANDY with two ballonets
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Fig. 3 aMini-model aero-SDT—option with adaptive tendons: 1—external rigid shell, 2—internal
softshell, 3—adaptive tendons and b a scheme of the scaled aerostat

2 Testing V-Mobility Via Mini-Models CANDY

V-Mobility control via gas release (ballasting air from ballonets for climbing up and
helium from the other ballonet for descending) and the shape adaptation (morphing
composed of the volume and aerodynamics modifications) can be tested taking advan-
tage of a traditional, hot-air balloon (see Fig. 2a), so-called SKYLAB, towing up
mini-model CANDY (see Fig. 2b), with the total mass known and also with moni-
tored towing force F' in the towing rope. Additionally, by measurements of phys-
ical parameters (temperature, external and internal pressures in the CANDY and its
ballonets and mass of released gases) the buoyancy force can be determined and
dynamics of vertical movement calculated.

In order to make manufacturing of mini-models easier, instead of the internal
tensegrity structure, let us consider another option for controlling of the morphing
process (cf. Fig. 3), so-called Aero-SDT (Self-Deployment and adaptive Tendons).
The impermeable CANDY shell (2) with tight, light and very low deformable second
layer (1) but equipped with adaptive strings with controllable length (3) allow effec-
tive tuning of the CANDY volume, together with the aerodynamic shape (superposed
morphing).

3 Volume Measurement by Optical Technique

One of the objectives in the conducted research is to propose a procedure for determi-
nation of the physical volume of the inflated objects. Since the considered laboratory
objects are fabricated in small series or even as single pieces, the repetitiveness of the
production process always needs to be confirmed. Moreover, a fact is that the exact
geometry of the object may rely on the changes in environmental parameters, i.e.
temperature and pressure. Therefore, it becomes important to propose an adequate
measuring method that is capable of identifying the modifications of the object. The
measurement may be conducted by means of utilization of non-contact and optical
methods, e.g. photogrammetry.

The chosen measurement method is stereo photogrammetry based on triangulation
principle. Main hardware part are two cameras positioned in a precisely defined
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mutual position. The cameras set-up is capable to record double picture of the object
that is covered with dedicated markers, in order to reconstruct the surface in 3D.
Due to large scale of the measured object, a strategy of multistage photography
is chosen. The multistage approach assumes recording consecutive fragments of
the whole structure in order to reach the complete picture. The following step is
post-processing of the recorded pictures and data analysis.

The post-processing stage consists of 3D points determination and defining the
surface of the object. Within data analysis stage, a volume of the object is calculated.
In the case of the ellipsoidal shape objects, the proposed calculation method may be
called “truncated cone integration”. The object is divided into cones with a defined
spatial step, and the object’s volume is calculated as a numerical integral.

The measuring task was to determine a volume of inflated structure depicted
in Fig. 4a, which also presents the triangulation set-up with two cameras of 4-
megapixel resolution. The object is covered with dedicated optical markers posi-
tioned on the surface in a random manner (Fig. 4b). An exemplary geometry and
volume identification during the post-processing stage is depicted in Fig. 5.

Accuracy of the method is dependent on several factors that need to be taken
under consideration at each stage of the process. At the stage of the picture taking,
the accuracy is relevant to the number of optical markers deposited on the identi-
fied surface. At the second stage—volume calculation—the number of elementary
truncated cones taken for analysis is important factor influencing the final accuracy.
Both the measurements carried out, and results obtained revealed high adequacy of
the proposed approach.

Fig. 4 Experimental set-up: a experimental object and set-up of cameras and b optical markers on
the surface
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Fig. 5 Example of the left camera picture with post-processing overlayed

4 The Scaling Procedure

Assume the optimal shape of aerostat with minimized wind drift and generation of
additional lifting force in windy weather (cf. function S(x/L) in Fig. 3b). Let us
now keep the geometrical similarity of this shape and apply the procedure of scaling
up the aerostat size determined by its total length L. Then, let us define the quantity
R, = B, L as the radius of the roller with the same length L and the same volume of
our aerostat. Analogously, let us define the quantity R; = B, L as the radius of roller
with the same length L and the same lateral surface of our aerostat. One can express
the design volume Vj and the design lateral surface S, for the configuration of the
model at the starting point (at the initial level Hj, pressure difference Ap = 0 and
temperature 7 = T7) as follows:

Vo = (R,)*L = ()L’ (1)

So = 27 RyL = 2, L? 2)

By assuming the scaling process based on geometrical shape similarity rule and
the scaling coefficient « as well as general dependence of aerostat volume on pressure
and temperature expressed by coefficient k,,, one obtains the formula for the volume
and lateral surface of the scaled aerostat:

Vo(Ap, AT) = 7 (B,)* (@ L) ky(Ap, AT) 3)
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Se(Ap, AT) = 27B,(aL)*ks(Ap, AT) 4)

where k, (Ap, AT), k;(Ap, AT) are the coefficients describing the change of aero-
stat volume and surface, respectively, depending on gas overpressure inside the
aerostat Ap and temperature change AT in relation to the initial temperature 7.
In the simplest case, the coefficient k, depends linearly on gas overpressure Ap
according to the formula:

ky(Ap, AT) = k,(Ap) =1+ k™' Ap )

where k is the constant determined from experimental or numerical analysis.
The total mass of the scaled aerostat can be calculated using initial lateral surface
of the aerostat, its initial volume and mass of payload as:

M = 5,(0,0)8; + Vi (0,0)(8; + 8,) + M), (6)

where: §;,—specific mass of the aerostat surface at the initial altitude Hj, &y, &y,
respectively, density of helium and internal structure (per unit volume, including the
mass of ballonets and air in one of them) at the initial altitude H, and M,—mass of
the payload to be carried up. In the consequence, the force acting on the aerostat F,,
being the difference of aerostat weight and the buoyancy force at a given altitude H,
can be expressed as follows:

Fo(Ap, AT) = Mg(H) — V ,(Ap, AT)é,(H)g(H) (7

where: §,(H)—specific mass of air at the altitude H. The optimal scaling up of
the CANDY aerostat in order to design Aero-SDT for the planned mission to be
performed (between H; and H, and for the payload M) leads to determination of
minimum value of scaling coefficient o for which the force acting on the aerostat is
negative F, < 0.

5 The Case Studies

5.1 Numerical Model

The two numerical models of the mini-aerostat (CANDY) were prepared using
Abaqus software. In the first variant, a tight, non-stretchable nylon fabric partially
coating a flexible aerostat membrane was applied in order to limit deformations
caused by internal pressure (Fig. 6a). For comparison, the alternative model which
does not contain any constraints was developed (Fig. 6b). In both cases, the aerostat
models were suspended on the cable. The designed mini-aerostat is 3.06 m long and
has 0.78 m in diameter. It is made of polyurethane film weighing 1.600 kg, whereas
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a) b)

Fig. 6 Two numerical models of the suspended aerostat: a with constraints—non-stretchable fabric
and b without constraints

the nylon fabric weighs 0.228 kg. The total mass of the aerostat is equal to 2.955 kg.
The aerostat contains three chambers: the rear air-filled ballonet (0.098 m?), the front
air-filled ballonet (0.100 m?) and helium-filled main chamber (0.807 m?).

Numerical computations are based on membrane finite elements used for aerostat
membrane and ballonets (11 112 elements) and for nylon fabric (5 820 elements).
The rope (10 elements) is fixed at the upper end and another end is connected to the
nylon fabric (Fig. 6a) or to the aerostat membrane (Fig. 6b). Changes of mass of gas
in all chambers are controlled by inflators, defined for each chamber.

Independently, for comparison purposes, an experimental test was performed. In
the initial configuration of the aerostat, the both ballonets were empty, whereas main
chamber was filled with helium with zero overpressure. Next, some amount mass
of helium was inflated into the main chamber resulting in overpressure, and then a
portion of air was pumped into the front ballonet. The rear ballonet remained all the
time uninflated.

The volume changes were recorded by the optic measuring technique discussed
in Sect. 3. Additionally, pressure sensors were located in the front ballonet and the
main chamber. The tensile force data in the suspension cable was collected by a force
sensor. Obtained results of the numerical computation and the experimental test were
summarized in Table 1.

The measured results given in Table 1 are coinciding with numerical simulation.
In the next step, the scaling procedure presented in Sect. 4 is applied in Sect. 5.2.
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Table 1 Results of numerical computation and experimental results

State Total volume Pressure Force
Measured Computed | Measured [Pa] |Computed | Measured [N]
(optic) [m3] | [m?] [Pa]
Initial 1.0102 1.0049 0.0 0.0 16.90
configuration
Main chamber | 1.0663 1.0548 Main chamber: | Main 16.36
inflation 953 chamber:
(helium) 947
Front ballonet 1.0697 1.0582 Main chamber: | Main 16.50
inflation (air) N/A chamber:
1025
Front ballonet: | Front
830 ballonet:
1026

5.2 Numerical Simulation of Aero-SDT Mission

Data obtained from experimental measurements can be used to build a numerical
model of vertical motion of the CANDY demonstrator. Based on the identified
model parameters and the scaling assumptions presented in the previous sections,
sample analyses of the operational capabilities of the scaled aerostats were performed.
Selected results are summarized in Table 2. During the simulation, a mission was
assumed to lift a 0.5 kg payload to the maximum height that can be achieved with a
given type of scaled structure.

The presented results show that both the initial structure and the structure with
lengths scaled by the o« = 1.7 factor do not have the ability to ascend at the assumed
density parameters of the materials used. Only the scaled structures with « value
greater than 1.7 allow the aerostat to realize the mission.

Figure 7 shows the results of the aerostat mission for the scale factor of « = 1.8.
The left chart presents the exemplary altitude changes in time. One can see the
maximum operating altitude which is just over 500 m. On the other hand, in Fig. 7b,
the variation of the buoyancy force and the total weight as a function of time are
shown. During the initial phase of movement, it is visible that the buoyancy force is
greater than the weight causing the aerostat to ascend to its maximum height. This
operation is accompanied by drop of the buoyancy force. Despite the decrease in
atmospheric pressure, the coating material above a certain volume must be stretched
which limits the change in volume. The aerostat maintains altitude when it is in
equilibrium. Then, after releasing a small amount of helium, the buoyancy force is
smaller than the weight, which causes the aerostat to descend. It is worth noting
that as the altitude decreases, the atmospheric pressure increases which additionally
decreases the volume and buoyancy force.
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Fig. 7 Simulation results of the mission for the aerostat scaled by « = 1.8: a altitude changes and
b changes in buoyancy force and aerostat weight

6 Discussion and Conclusions

The important limitations of aerostats design (especially their ability to carry required
payloads or to achieve assumed altitudes) are the problems related to selection of
appropriate aerostat internal structure and volume affecting the necessary lift force.
A significant change in payload or target altitude causes the requirement of resizing
the aerostat. Although it is possible to use oversized aerostats, operating them is
associated with higher costs (e.g. the need to use much larger mass of expensive
gases or increased fuel consumption). For this reason, we address the novel concept
of designing the customized aerostat based on a mini-models (CANDY) which can
be more easily verified and tested. If such a design is properly functioning, the
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dedicated scaling procedure for aerostats dimensions can be applied. We also present
preliminary results of numerical tests of a proposed design. The final validation of the
proposed procedure of designing helium-filled aerostats and mini-models CANDY
and the scaling procedure will be experimental fly testing in near real conditions
using SKYLAB.
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Effect of Reynolds Number )
on the Aerodynamic Characteristics oo
of Leading-Edge Protuberanced Airship

Fin

S. Arunvinthan, C. Hari Babu, V. Manoj, and S. Nadaraja Pillai

1 Introduction

Lighter than aircraft (LTA) popularly known as airship is one of the first aircraft that
realized humans dream of flight. Jean-Baptiste Meusnier proposed the first technical
design of an airship featuring ellipsoidal shape with control surfaces like elevator
and rudder in 1784 but lightweight powerful engine hindered his flight. Later with
the advent of steam engine technology, during the year 1852, Henri Giffard incor-
porated steam engine technology in to airships for the first time and flew around 17
miles [1]. Even though these are some of the pioneering milestones in the history of
airships, the golden age of airships began in 1900 with the launch of LZ1 Luftschiff
Zeppelin of the German army. Subsequently, British and US forces began imitating
its design and launch look alike airships named R-33, R-34 and Shenandoah (ZR-1)
in the first half of 1900s. But with the advancements in the field of fixed wing aircraft
progressing along with the occurrence of airship accidents including 1937 Hinden-
burg aircraft fire led to the downfall of the airships. Although the use of airships has
been in recession for the past several years with the possibility of applying airships
for military high-altitude long endurance surveillance and stationary airships design
proposal as standby satellites has spurred interest among the researchers and this indi-
cates the resurgence of the airship. Studies suggest that airships have wide variety
of applications in telecommunication sector [2], surveillance (Stratospheric observa-
tion [3]; environmental monitoring [4]), terrain mapping [5] etc. Researchers realized
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that the flight behaviour of the airship depends upon the interaction between aero-
statics and aerodynamics. Aerodynamics of the airship is one of the fundamental
issues which have been investigated for many years but it has not been perfected yet.
Airship designers have utilized wind-tunnel data to understand airship dynamics to
a greater extent as it facilitates better design for airships. Such wind-tunnel test over
the airships performed by Freeman [6] revealed that the tail fins not only produce
lift force but also helps stabilizes the airship. Freeman identified that the hull of an
airship experiences a nose-up pitch moment at nonzero angles of attack because of
the normal force distribution at the front and the rear. Further, Freeman [7] reported
that the fins attached to the hull of the airship produces 30—40% of the overall lift
of an airship. Based on the wind-tunnel test performed by Curtiss [8], next to hull
the second primary source of drag is due to the fins and the fins contribute around
7-27% of the total drag of the airship. Li et al. [9] confirmed this statement. Even
though several studies were conducted on the drag reduction of the hull of an airship,
to the extent of authors knowledge very few studies have been reported on the drag
reduction of the fins of an airship. As we know that, nature offers the best solution
to real-life problems as it has been optimized by evolution, it’s time to look back to
nature for answers. It is not new that aerodynamic designers draw inspiration from
nature. In this present study, the nature-based inspiration has been drawn from hump-
back whale flippers. Frank E. Fish [10, 11] initiated the research on the flippers of the
humpback whales and found out that the unique leading-edge protuberances present
over its flippers offer aerodynamic benefits. To identify the uniqueness of such flip-
pers with leading-edge protuberances, Fish conducted study over idealized flipper
models with and without LEP and reported that flipper models with LEP experiences
25% more airflow than the flipper model without LEP. Subsequently, Fish [12—-15]
published several papers to his credit and also patented this technology. Further,
wind-tunnel studies carried out by Miklosovic et al. [16] confirmed this behaviour.
Following which, several researchers like Johari et al. [17], Custodio et al. [18]
and Zhang et al. [19] conducted studies on leading-edge protuberances over NACA
63(4)-021 which closely resembles the aerofoil flippers and reported that the leading-
edge protuberanced model outperforms the conventional straight blade model and is
effective in drag reduction. Even though several studies have been performed over the
LEP models, it should, however, be noted that no explicit study has been performed
to investigate the effect of Reynolds number on the aerodynamic characteristics of
such model to the extent of authors knowledge. Additionally, this will be the first of
its kind in utilizing such LEP fins for airships to augment its aerodynamic efficiency
by drag reduction. Recent study by Arunvinthan et al. [20] also confirmed that the
modified LEP model also performs efficiently at various turbulence intensities. It is
speculated that utilizing such modified LEP fins not only provide better aerodynamic
performance characteristics but also aid in stabilized airship at various turbulence
intensities.
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2 Computational Methodology

NACA 63(4)-021 aerofoil profile has been chosen as the test model to evaluate
the aerodynamic performance characteristics of leading-edge protuberanced (LEP)-
based fin section for LTA. The NACA 63(4)-021 aerofoil has been chosen based on
the framework of the previous researchers since it closely resembles the flippers of
the humpback whale which acted as a source of bio-inspiration for the same. The
leading-edge protuberances were modelled based on the sinusoidal pattern as outlined
by Arunvinthan et al. [20] in his previous study. A schematic representation of the
LEP test model is shown in Fig. 1. In this study, the primary focus is to identify the
influence of the effect of Reynolds number on the aerodynamic characteristics on the
leading-edge protuberanced fin section alone and hence, the variation of amplitude
and wavelength of the leading-edge protuberances is kept constant throughout the
study. Modified test model with leading-edge protuberances featuring amplitude of
0.12 °C and wavelength of 0.75°C is considered in this present study. To identify
the Reynolds number effects, the test models were tested at various angles of attack
ranging from 0° to 45° in increment of 5° at various Reynolds number ranging
between 102 and 10°.

All the test models considered in this study were modelled using GAMBIT and
analysed using commercial flow solver-ANSYS FLUENT. Based on the framework
of the previous researchers, it has been identified that the first and the second order
upwind methods were employed to solve the governing equations using semi-implicit
method for pressure linked equation (SIMPLE). Standard K — ¢ turbulence model
has been used for the numerical investigation as its two-equation model exhibits
excellent predictive capability for problems dealing with aerofoil surfaces with least
computational effort and challenges. In this study, the flow convergence criteria have

Fig. 1 Schematic A
representation of the i
modified LEP test model
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been setas 1 x 107! for all the computed quantities. The coordinate system is shown
in the figure with the origin at the leading-edge point of the test model and corre-
spondingly X, Y and Z axis measure the streamwise, lateral and spanwise directions,
respectively. The fin model considered in this study possess a mean chord length 1 m.
The length of the computational domain along the chordwise distance (L), normal
to the chord (Ly) and the length of the computational domain in the lateral direc-
tion (Ly) is of size 22.5Cx20Cx 10C. The computational domain is designed large
enough to rule out any unnecessary disturbances created by the boundaries. As this
study involves complicated flow patterns over the modified LEP test model, it neces-
sitated high-quality grids near the body surface and hence to generate an accurate
mesh, algebraic initial point distribution has been used for surface grids. Likewise,
grid independence test has been carried out for multiple sets of grids (0—1 million
elements) with increasing mesh density of 0.2 million. Finally, 0.8 million elements
were chosen as increasing the mesh density beyond this point exhibits independence
in the results. In this study, the uniform inlet velocity boundary condition has been
assumed on the inlet and the outlet is defined as the pressure outlet. No-slip boundary
condition is set for the test model with LEP. Symmetry condition is set for lateral
directions, respectively. A schematic representation of computational domain and
boundary conditions is shown in Fig. 2.

3 Results and Discussion

3.1 Effect of Re on the Lift Characteristics Curve of LEP Fin

Figure 3 shows the variation of coefficient of lift (Cr) versus angle of attack («) for
the leading-edge protuberanced (LEP) test model at different Reynolds number. The
results provide a quantitative measure of the aerodynamic performance of the LEP
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models subjected to Reynolds number ranging between 10? and 10° at various angles
of attack ranging from 0° to 45°. The effect of Re is evident from the lift coefficient
plots that the characteristics regimes of flow over the leading-edge protuberanced test
model shifts appreciably at different Reynolds number. It is evident from the figure
that Re = 10° exhibits the maximum lift coefficient in comparison against the other
test Reynolds number. From the lift coefficient curve, it could be reported that the
modified LEP test model exhibits better performance at low Reynolds number. At
Re = 103, it could be seen that the coefficient of lift (Cy) increases linearly with the
increase in the angle of attack till @ = 20° with a lift curve slope of 0.10 deg™!, which
then reduces to 0.6 deg~! between 25° and 30°. Beyond which the increase in the
coefficient of lift (Cy ) is slowed down to 0.03 deg~! between 30° < o < 35°, following
which the stall phenomenon occurs with a slight dip in the lift curve. The difference
in the lift curve slope experienced by the same LEP model subjected to different
Reynolds number clearly indicates a change in the qualitative flow structure caused
by the variation in Re. For instance, it can be seen from Fig. 3 that the same LEP model
when subjected to Re = 10° exhibits a lift curve slope of 0.10 deg™! between 10° < &
< 15°, following which the lift curve slope reduces to 0.02 deg ™' between 20° < @ <
25°. It is of interest to note that the qualitative flow structure occurring over the same
LEP model subjected to different Re tends to reduce the maximum lift coefficient.
For instance, the maximum lift coefficient observed for the LEP test model when
subjected to Re = 10% is 3.44 at @ = 40°, whereas at Re = 10° the maximum
coefficient of lift reduces to 2.11 at @ = 30°. Henceforth, it is worth noting that
with the increase in the Reynolds number, not only the decrease in the maximum lift
coefficient is observed, but the angle of attack at which the maximum lift coefficient
is attained is also significantly reduced. Even though, based on the lift coefficient
plot, it can be claimed that the modified LEP test model is good at low Reynolds
number compared to high Reynolds number, it should, however, be noted that at high
Re, the modified LEP model offers sustained lift coefficient over large range of angle
of attack. For instance, at Re = 10° the test model offers sustained lift coefficient
between 20° < o < 45° which is way higher than the conventional straight fin model
for the lighter than air aircraft. To better understand the aerodynamic characteristics
of this modified LEP test model, it becomes quintessential to understand the drag
and the aerodynamic efficiency as well.

3.2 Effect of Re on the Drag Characteristics Curve of LEP
Fin

Figure 4 represents the variation of coefficient of drag at every test angle of attack.
Contrary to the lift coefficient plots the modified LEP test model subjected to high
Reynolds number exhibits the lowest drag coefficient in comparison against the low
Reynolds number. Therefore, it can be reported that the increase in the Reynolds
number tends to decrease the drag coefficient between 10? and 10° at various angles
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Fig. 3 Coefficient of lift (C1) versus angle of attack («) for LEP fin

of attack. It is believed that the increase in the momentum provided by the increase
in the flow velocity accompanied with the increase in the Reynolds number might be
the plausible reason behind the decrease in the drag coefficient with the increase in
the Re. One might speculate that the decrease in the drag coefficient can be caused
by the delayed flow separation caused by the increase in Reynolds number.

To get further insight in to this, the surface pressure distribution over the modi-
fied leading-edge protuberanced models needs to be investigated. Since the modified
leading-edge protuberanced model is not a constant chord model, the surface pressure
distribution needs to be investigated at various chordwise locations namely the peak
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Fig. 4 Coefficient of drag (Cp) versus angle of attack («) for LEP fin
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where the chord maxima occur, mid and trough where the chord minima occur. As
stated above, the surface pressure distribution over the modified leading-edge protu-
beranced models was obtained at peak, mid and trough sections and are displayed
in Fig. 5a—c, respectively, for « = 10°. In order to understand the influence of the
Reynolds number effect on the aerodynamic characteristics, the peak section of the
test model subjected to different Reynolds number is plotted in same graph. Like-
wise, the mid and trough section of the test model subjected to different Re is also
plotted in individual graphs for better understanding. In addition, this will help us
understand the flow physics to a greater extent. It is evident from the surface pressure
distribution of peak, mid and the trough section, that the trough exhibits the maximum
negative suction pressure signifying that the maximum velocity is attained over the
trough section compared to the peak and the mid. Since the primary aim of the study
is to identify the effect of Re, the variation of surface pressure distribution with Re
is then observed. Generally, the oncoming flow is bifurcated at the leading edge of
an aerofoil and then one flow will move over the upper surface of an aerofoil and the
other one will move over the lower surface of an aerofoil. The flow which is moving
over an upper surface of the aerofoil gradually accelerates indicated by the negative
suction pressure (i.e. the favourable pressure gradient) and then, the pressure keeps
on increasing with the increase in the x/C till the trailing edge and achieves pres-
sure recovery (i.e. tends to get equal to the ambient pressure zero). It is identified
from the graphs that the Re influences the flow characteristics prevailing over the
upper surface of the aerofoil. In other words, with the increase in Re, the chordwise
distance taken to achieve the maximum negative suction pressure (favourable pres-
sure gradient) reduces. For instance, it can be seen from the Fig. 5b that at surface
distribution of mid sections, at Re = 10 the maximum negative suction peak is
reached at x/C = 0.31 whereas for Re = 103 it happens at x/C = 0.24 and for Re =
10* the peak suction pressure is at x/C = 0.20, respectively. It is of interest to note
that at Re = 10° and 10° there is no advancement in the chordwise distance rather
the increase in the maximum negative suction pressure is observed. At both Re =
10° and 109, the peak negative suction pressure is observed at x/C = 0.13. Similar
trend line has been observed in the peak and the trough sections also. Therefore, it
becomes clear that with the increase in the Re, the maximum negative suction pres-
sure (favourable pressure gradient) tends to move towards the vicinity of the leading
edge, thus providing reduced drag coefficient. As aerodynamic efficiency not only
depends on drag reduction, the ratio of lift to drag (i.e. aerodynamic efficiency) needs
to be understood for better insight.

The aerodynamic efficiency (L/D) vs. angle of attack is presented in Fig. 6. It
is evident from the figure that Re = 10° exhibits peak aerodynamic efficiency over
the test angles of attack especially in the pre-stall region. Following which Re =
10° exhibits the second peak and successively drops down to Re = 107 finally.
This clearly shows that the modified LEP test model exhibits good aerodynamic
efficiency at Re = 10° and 10° and hence could be used for LTA fin sections. The
surface pressure distribution plots are further investigated in detail to observe more
peculiar phenomenon like laminar separation bubble, etc., and the presence of the
same if exists will be reported in the conference.
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4 Conclusion

In this paper, the computational investigation of the effect of Reynolds number (Re)
on the aerodynamic characteristics of the leading-edge protuberanced (LEP) fins at
wide range of angles of attack ranging from 0 to 45° is computationally evaluated. The
aerodynamic force coefficients, aerodynamic efficiency and surface pressure distri-
bution were investigated in detail and based on the results the following conclusions
were made:

1. Aerodynamic force coefficients like (Cr) and (Cp) of the leading-edge protuber-
anced fin section are significantly influenced by the Reynolds number.

2. Leading-edge protuberanced fin section subjected to Re = 10° shows the
minimum drag coefficient and maximum aerodynamic efficiency when compared
against the other test cases.

3. With the increase in the Reynolds number, the favourable pressure gradient (i.e.
peak negative suction pressure) tends to move towards the vicinity of the leading
edge, thus providing better aerodynamic characteristics and reduced drag.

4. Surface pressure distribution over the peak, mid and the trough section shows
that the peak negative suction pressure exists at trough region, thus showing that
majority of the flow goes through the trough region, thus inducing a spanwise
pressure gradient among the upper surface of the aerofoil itself.

To gain better understanding, the study has to be made at multiple velocities in the
same Reynolds number range itself. Attempts can be made in future to experimentally
evaluate the aerodynamic characteristics of such LEP fins and flow visualization
studies could also be performed to further ascertain this underlying flow physics.
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1 Literature Review

Moutinho et al. [1] use Lyapunov’s theory to analyze nonlinear system stability.
Tests have been done to verify the nonlinear performance of controller and thereby
correcting the disturbances and errors.

Andan et al. [2] show that the lift force would be three times increased for the
airship with wing structure at a positive angle of attack. 20 to 40% of increment in
drag occurs with winged airship. Cook et al. [3] explain the various lateral-directional
flight modes of the Plimp including modes like sideslip subsidence, yaw subsidence,
and oscillatory roll pendulum, also comparison was made between the estimated
models and existing airship for various speeds.

DeLaurier et al. [4] performed analysis to develop stability of airships for the non-
neutral net buoyancy conditions and non-coincident mass and volumetric centers
conditions. Li et al. [5] proposed a method for simulation of airships in nonlinear
dynamics. Both the model of the statics and dynamics of air were framed. Wang et al.
[6] used CFD and Fourier analysis to obtain the stability derivatives.

Ceruti et al. [7] describe the optimization of airship that consist of two semi-
ellipsoids, and axis ratios were altered for the same. The various parameters to opti-
mize were volume, dimension of the tail, ratio between the vertical and the lateral
semi-axis, the percentage coverage of photovoltaic films on surface of the top, and
the ratio between the longitudinal and the lateral semi-axis. Andan et al. [8] presented
the results of a numerical study of aerodynamic parameters for a wingless as well as a
winged airship. For various angles, the net force coefficients and moment coefficients
have been calculated.
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2 Introduction

The Plimps are the flying devices that can be described as an aircraft with plummet-
proof which has lifting capability of an airplane, the thrust control mechanism of
a helicopter, and the lift due to buoyancy forces of a Plimp [9]. Egan Airships has
designed their eight-passenger Model J. Plimp which are new type of airship, with
a combination of helium envelope and dynamic rotors enabled wings, allowing it
to perform operations like hovering, dipping, ascending, banking, or spinning [10].
Even at times of engines off mode, it would simply float and glide smoothly to the
land. Having VTOL capability, it could lift off from anywhere without runway and
land anywhere without runway [11]. The Plimp was initially designed by Daniel
P. Raymer, who is a famous expert in the discipline of aircraft conceptual design
and aircraft design engineering [12]. Advantage of Plimp being that the aircrafts are
noisy, Plimps are not.

3 Design

The pimp would be having a hull, structural frame, thrusters with servos to pivot, the
H-tail, and the flight control with an embedded system. The pressurized inflatable
envelope would be filled with the suitable gas that is lighter than air that should
provide maximum static lift in air for the unmanned aerial airship. Though hull
portion of the airship could be shaped with various geometries, the ellipsoidal shaped
hull would be preferred for this tilt rotor stabilized hybrid Plimp unmanned aerial
vehicle due to high efficiency with less surface area to volume ratio and thereby
power consumption could be minimized. This would improve the endurance of the
UAV. The tilt rotors would vector the thrust force in necessary directions. Vectoring
the thrust components would ease the Plimp to correct its flight path and provide
necessary stability in any particular axes. The weight due to gravity, the lift due to
aerodynamics, the aerostatic lift, and the thrust vectored lift would be considered as
the major force that are acting on this unmanned airship. Among these forces, the
aerostatic lift would be given by the differences between the force due to buoyancy
and the weight of gas displaced (Fig. 1). Consider volume (V) of the envelope and
the density (p), the aerostatic lift would be given by

Lifting force(Lf) = V(,Oair — ,Ogas) (1)

d
F = m(d—:> = Thrust(F;) + Buoyancy(F,) — Weight(W)Drag(Fy) )
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Fig. 1 Free body diagram of Fy + Fy
takeoff [13] t
W+ F4
where
Drag(Fy) = 0.5 Cppair Av° 3)

Cp: Drag coefficient and depends on shape,

Pair: Air density,

A: Area (cross-sectional),

v: Velocity.

The design of envelope has the major impact on the stability, so the necessary
design considerations were adopted while designing them. GNVR shape has been
chosen to construct the airship. The geometric profile of the airship is given in Fig. 2.

Choice of gas being used I the envelope is also most essential part of the design.
So for the comparison, let’s tabulate the various gases commonly used along with
their densities and molar mass (Table 1).

3.1 Material Selection

Factors affecting the material selection for the envelope; would be the price, the
sturdiness, the stress sustaining capability during various flight conditions, including
the infiltration of the lifting fluid (gas) [15]. High strength to weight ratio, high
tear resistance, resistance to the environmental degradation, and low permeability
to LTA gases are the basic material property for choosing such inflatable structure
[16, 17]. The biaxial-oriented polyethylene terephthalate in short known as BOPET
is selected for inflatable structure material. The metalized BOPET, also known as
Mpylar, is cheaper than the normal polyurethane. But the studies suggested that it is
susceptible to gas (helium) leakage [18]. If the Mylar gets punctured, it would wear
out rapidly than the polyurethane material [19].
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Fig. 2 GNVR profile for the airship [14]

Table 1 Density and molar

mass of gases at standard
conditions

Gas used in envelope

Density (kg/m3)

Molar mass (g/mol)

Helium 0.169 4.0026
Methane 0.73 6.04
Ammonia 0.756 17.031
Hydrogen 0.085 2.02
Air 1.225 28.9647

3.2 Stability of Airship

Considering the stability of airships, it could be defined through the classification by
static and dynamic. The classification of stability considered during the no powered
flight condition would be termed as static stability. The phenomenon of return back
to its original position despite of disturbances defines this condition [20] (Table 2).
In general, airships are statically unstable in yaw. Effect of dynamic stability
comes in the picture when the airstream flow passes through the control surfaces.
Though the stability of airplane and airship seems to have similar classification of
stabilities, one of the major differences being that the stabilities in the case of airplanes
is associated with one another, but in the case of airships, they being independent
of each other. In steady flight, pitch stability, yaw stability, and roll stability are the

various stabilities involved.
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Table 2 Axes of airship and conventional symbols related to them

Axis Longitudinal axis | Lateral axis | Normal axis
Symbol X Y Z
Moment about the axis | Force acting parallel to | X Y Z
the axis
Angles Designation Rolling Pitching Yawing
Symbol L M N
Positive direction Y- Z zZ—X X—->Y
Angles Designation Roll Pitch Yaw
Symbol % 0 v
Velocity components | Linear component u Vv w
about axis
Angular p 0 r

Assumptions that need to be made while performing the derivation of the stability
parameters:

(1) The net weight of the body remains constant.

(2) Considering the accessional force to remain constant.
(3) Fixed center of gravity as well as center of buoyancy.
(4) The controls remain in neutral.

(5) Constant velocity.

(6) No changes in the form of airship [20].

3.3 The Various Forces and the Various Moments Acting
on the Plimp

Consider Plimp that flying along the horizontal path, such that the flight path makes
an angle of 0° with the longitudinal axis, then the various forces and the moments
acting on the Plimp would be (see Fig. 3) [20].

(1) Forces

Lo = Lift of inflating gas acting through center of buoyancy, G.

W = Total weight of dead and live loading, acting through center of gravity, M.
R = Resistance of envelope and appendages, acting through center of pressure, P.
T = Propeller thrust, acting parallel to axis of envelope at distance obelow M.

(2) (2) Moments about M

MomentLy = Ly x 0 =0.
MomentW =W x 0 =0.
Momentthrust — resistancecouple = T (c + d).
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Normal or Vertical Axis z Direction of Motion

Longitudinal Axis

Positive Direction of Axes &Angles
(forces &moments shown by arrows)

Fig. 3 Axes and angles in positive direction [20]

Condition for static equilibrium and keeping constant velocity

Ly=W “4)

R=T )

During the flying condition of Plimp on an even keel, the moments due to thrust
force and resistance force would be unbalanced; this would nose up the Plimp. To
handle such phenomenon when Plimps are full of gas, are regularly trimmed a few
degrees nose heavy. In case of gust, disturbances in the longitudinal axis would
give rise to a slight tilt from the horizontal plane, few cases could be observed and

described as Table 3.
From Fig. 4, the forces, the lever arms, and the moments, for the cases one to six
are noted:
(1) Forces
e L, = Lifting force of fluid.
e W = The Net Weight acting due to gravity.
e F. = Resultant air force acting on the envelope.
e [ = Lift of tail surface.
e F; = Resultant force acting on the tail surfaces
e T = The thrust of Propeller.
e [. = Vertical component of the forces due to motion acting on the envelope.
e ¢ = The horizontal component of the thrust produced by propeller .
e R. = Horizontal component of the forces due to motion acting on the envelope.
® R, = Drag of the tail surface.
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Table 3 Six cases depending on the static state of Plimp with the course of inclination [20]

Case | Static state of airship Course of inclination
1 Plimp is in the static equilibrium, and nose | 6 is the angle formed between the direction
is tilted up of motion and longitudinal axis § =0
«a is the angle between the motion
direction and the horizontal, airship climbs
at an angle of tilt, o
2 Plimp is in the static equilibrium, and nose |6 = 0 and descend angle, «
is tilted down
3 Plimp is statically heavy, and nose is tilted | Plimp climb at an angle lesser than the
up angle of tilt, and (o 4 6) will be the angle
between longitudinal axis and the
horizontal
4 Plimp is statically heavy, and nose is tilted | (¢ — 0) will be the angle between
down longitudinal axis and horizontal. Plimp
descend at an angle greater than the
inclination
5 Plimp is statically light, and nose is tilted up | (@ — 0) will be the angle between
longitudinal axis and horizontal
6 Plimp is statically light, and nose is tilted | Plimp descend at an angle lesser than the

down

inclination
(o« — 0) will be the angle between
longitudinal axis and horizontal

Airship traveling
horizontally in static
equlibrium.Longitudinal
axis coincident with
direction of motion

Fig. 4 Forces on airship in horizontal flight [20]

(2) Leaver Arms

o W =Ksin(a +0)
e L,=0.

Direction of Motion

e [, = The vertical Component of thrust produced by propeller [20].
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T = (c+h).

F; = a(assuming Fj, perpendicular tothe surfaces).

Ly =a x cos(ax £ 0).

Ry = a x cos(x £ 6).

F, would vary with the position of P, which in turn would depend on 6.
L. = b x cos(a £ 0).

(3) Moments

e Moment due to weight is Wh sin(« % 0).

e Moment due to propeller thrust is 7' (c + h).
F. tend to turn the complete Plimp in the positive direction about M due
to the increased pressure below the hull. This phenomenon is assisted by
reducing the pressure in bottom surface of the tail. The forces acting below
the nose of the UAV and the tail of the UAV would be in opposite direction.
As the nose force is to some extent is greater than the tail force, there is a
difference in force, which will be known as the dynamic lift of hull. Despite
of the difference, both the forces have same direction of rotation, and the
resultant moment caused is dynamic upsetting moment, denoted by M..

e Moment due to the tail surface, denoted by M opposes this dynamic upsetting
moment. My = Lyacos(a + 60) + Ry sin(a £ 0).

3.4 Plimp Stability from Designer Point of View

e Plimps are very stable about their lateral axis.

e Design inputs needed for Plimps to provide longitudinal stability.

e In yaw, Plimps are statically unstable, only pilots can handle this through their
rudders.

3.5 Requirements of the Hybrid VTOL Plimp Airship
Unmanned Aerial Vehicle

e Payload bay that can carry payload along with the essential electronic components.

e The primary lifting device that would be integrated to the payload bay and installed
to provide hydrostatic buoyancy.

e The secondary lifting device integrated to the fuselage and installed to provide
dynamic lift through movement of the secondary lifting device through the air.

e The thrust system equipped to generate thrust, the thrust system integrated to the
secondary lifting device and it rotates together about an axis that is aligned with
the spar of the wing [21].

e Thetail system that could be pivoted upon the tail boom to counteract the unwanted
forces and moments produced by the tilt rotors [22].
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Fig. 5 Isometric, top, side, and front views of Plimp during forward tilt of thrusters

Through the requirements defined above, the hybrid VTOL airship unmanned
aerial vehicle with H-tail has been designed using the modeling software CATIA.
The various three-dimensional geometric views of the unmanned aerial vehicle are
shown in Figs. 5 and 6.

4 Calculations

4.1 Weight Estimation

See Table 4.

4.2 Airfoil Data for the Wing

The airfoil used in this UAV is Bell A821201 (23%) FX-66-H-60, because most of
the thrust vector is going to be away from the chord line. This airfoil has flat bottom
surface and streamlined upper surface which helps UAV to float stably irrespective
of thrust direction.
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Fig. 6 Isometric, top, side, and front views of Plimp during upward tilt of thrusters

Z?gll: ?J A\\?}Veight estimation Sr no. Parts Weight (gm)
1 Envelope with gas 1800
2 BLDC motors 320
3 ESC (2) 80
4 Propellers (2) 40
5 Battery 250
6 Carbon fibertail boom 300
7 Elevator 100
8 Fuselage 200
9 Servo motor (3) 60
10 Receiver 20
11 Extras 130

Total weight 3300

4.3 Propeller Data

Propeller: Radius 12.7 cm.
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Area = 772 = 0.507 m?

4.4 Different Phases of Flight

Hovering

215

(6)

Calculations of various performance parameters during hovering are given by [23].
Generally, the thrust produced by the motors and the propellers combination

should be sufficient to lift the total weight including payload of the UAV

T =2pA(V + V))V; = 3.3kg = 32.34N

| W
W=, —=16.14m/
h 2pA i

2n N
Q= —— =1278.62rad/s
60

C
Vi=QR,/—-
2

Thrust of a single BLDC motor with the propeller attached is given by
T = Crp(QR)* A =32.4265N
Torque of a single BLDC motor with the propeller attached is given by

Q = Cyp(QR)* AR = 0.5122Nm

el

N/ECQ
P =0 Q= 65489 Nm/s

F.OM =

Climbing

(7

®)

€))

(10)

(1)

(12)

13)

(14)

Calculations of various performance parameters during climbing are given by [23]

D =0.5p(V + V;))>?AgCpp = 8.9484N

T=D+W =41.2936N

15)

(16)
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Therefore,
PA(V 4+ V)2V, =0.5p(V + Vi)?AgCps + W
Q =4A(V + V;) oR* = 1.02097 Nm
QQ—-w) =TV +V)
P = Q Q= 1305.4327Nm
where

V. is climbing velocity,

D: Drag generated,

AB is the area of the propeller,

Cp, is the drag coefficient due to the propeller.

Forward

a7

(18)

19)

(20)

Calculations of various performance parameters during forward are given by [23]

D =0.5 pVgAgCpp = 34.7802N

Dcose
tand = ——,
Dsing + W
8§ =46.5301

T? = D> 4+ W? + DW sine = 47.822
T =2ApV; Vg = 19.2497
Q = ApVrR? v =5.1341 Nm

P = Q0 Q =6564.5629 Nm

5 Mathematical Modeling and Autopilot Control System

1)

(22)

(23)

(24)

(25)

(26)

The autopilot control system could be developed through modeling the necessary

equations that need to be damped from the kinematics of flight [24].

The equations of motion for damping the pitching moments
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Z Pitching moments = Z M =1y 27

The pitching moment denoted by M and the pitching angle denoted by 6.
M and 0 in terms of the initial reference value are mentioned with subscript 0,

and the corresponding perturbation is mentioned by A

M = My + AM (28)

0 =060+ A (29)

If case that the reference moment which is denoted by My becomes 0, then the
Eq. (27) reduces to

AM = I,A0 (30)
where
oM SM . oM oM
AM = —Aa+ —Ad+ —Aqg + —AS, (31)
do Sa dg 96,

As there is a constrain applied to the C.G, the angle of attack will be identical to
the pitch angle

Aa = Af (32)
A6 = Ad (33)
6 = Aq (34)

After substitution of the expression into Eq. (30), thereby rearranging would yield.

Ad — (My — My)Ad + My Ao = Mj, AS, (35)
aM/d
M, = 12 (36)
y

For the Plimp, the term M,, is negligible and could be eliminated in calculations.
Characteristics equation for Eq. (34) is

22— (M, + Mg)r — M, =0. (37)

The undamped natural frequency w, of the system and damping ratio { can be
determined by
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Table 5 Result table of various parameters

N. C. Ajay Vishwath et al.

Hovering conditions

Climbing conditions

Forward conditions

Vo =11.42m/s Vi =10.795 m/s Vi = 19.2497 m/s
T =32.34N T =41.2936 N T =47.822N

D = Neglected D =8.9484N D =34.7802N
Q0 =0.5122Nm Q =1.02097 Nm 0 =5.1341Nm

P = 654.89 Nm/s

P = 1305.4327 Nm/s

P = 6564.5629 Nm/s

Wy =+ —M, (38)
M, + M,
_ ( 2<1 — ) (39)

For a step change in rudder control, the solution to Eq. (35) would yield a
damped sinusoidal motion, considering that the Plimp UAV has enough aerodynamic
damping.

6 Results

‘We have obtained necessary parameters in hovering conditions, climbing conditions,
and forward conditions are found out to be Table 5.
When we feed the rudder transfer function in the aircraft transfer function block
in the damper block diagram and giving rudder servo equation as ﬁ.
N

Washout circuit equation is given by T and § (yrg) is given as 1.04 de

v

1

: Isec
After obtaining the final equation through MATLAB, we use SISO tool toolbar

to find the individual root locus and the final stability could be checked through the

graph obtained and by varying the gain (Figs. 7, 8, 9, 10, 11, 12 and 13).

7 Summary

A detailed explanation of various design criteria of Plimp hybrid airship unmanned
aerial vehicle has discussed along with their definitions and design constraints.
Through the inputs of various stability parameters, necessary requirements of the
hybrid VTOL Plimp airship have been defined in Sect. 3. The design of the Plimp
unmanned aerial vehicle was modeled in CATIA software to get the exact geometric
parameters. The calculations for performance parameters after weight estimation
were performed in Sect. 4. The detailed calculations for different phases of flight
were demonstrated. Further in Sect. 4, a detailed methodology of mathematical
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Fig. 7 Program for solving the transfer function MATLAB

Fig. 8 Graph of the solution for the transfer function in MATLAB

modeling of the stability parameters was derived and necessary equations that would
be required for MATLAB code was obtained. In Sect. 5, the coding was performed
in MATLAB SISO toolbox and through tuning various gain values, the designed
system becomes stable as shown in the graphs of Sect. 6.
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Ampituse

Fig. 9 Step response when gain k = 1, damping ratio = 0.203, natural frequency = 0.923, stable
loop [8]
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e -

Fig. 10 Step response when gain k = 3, damping ratio = 0.036, natural frequency = 0.868, stable
loop

8 Conclusion

The designed tilt rotor stabilized Plimp unmanned aerial vehicle produce enough
thrust, torque, and power with least possible drag. Also the MATLAB results show the
stability for various gain values with different natural frequencies at various damping
ratio. From the graph obtained in MATLAB SISO toolbox, we can see that the
disturbances get damped and the system become stable. So this manuscript concludes
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Fig. 11 Step response when gain k = 3.3, damping ratio = 0, natural frequency = 0.865, stable
loop
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Fig. 12 Step response when gain k = 3.3, damping ratio = —0, natural frequency = 0.864, unstable
loop

that the modeled autopilot control system stabilizes the disturbances produced in
Plimp hybrid airship UAV.
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Fig. 13 Step response when gain k = 3.302651, damping ratio = —0, natural frequency = 0.864,
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Numerical Approach to Maneuver m
Design and Feasibility Evaluation L
for the Autonomy of Airship

Duraisamy Gobiha and Nandan K. Sinha

1 Introduction

Feasible or implementable maneuver design and evaluation is an indispensable area
of research in the aerospace control fraternity. Literature rarely emphasizes the feasi-
bility of the chosen desired trajectory or path. Among the ones that contemplate
feasibility, optimization is the most prevalent approach, with one being an opportune
byproduct of the other [1]. Optimization-based control design like model predictive
control (MPC) when implemented on real-time systems requires strictly guaran-
teed convergence and heavy computational resources mainly for high-performance
aerospace applications. Besides, such integration of optimization and control ques-
tions the reliability of controls in real-time implementation with modeled and
unmodeled uncertainties, process, measurement noise, etc. [1].

Most practical applications merely need a feasible solution rather than an optimal
one. The recent introduction of computational guidance and control [1, 2] further
provokes the importance of an alternate methodology to obtain feasible solutions.
But there are very few non-optimal feasible maneuver design techniques discussed
in the literature. Trajectory generation based on analytically solving trim solutions
is proposed in [3]. Besides being cumbersome, this method does not give explicit
solutions and does not contemplate on stability. In [4], appropriate control inputs
pertaining to the reference trajectory are obtained by solving the system’s dynamical
equations. This is just a validation procedure and relies on trial-and-error for obtaining
a feasible reference trajectory.

Maneuver design based on bifurcation analysis has been attempted in [5] using
continuation algorithm, AUTO2000. This work generates feasible solutions and uses
two trim points between which state variables are switched, to achieve the maneuver.
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This method does not perceive trajectory design as a whole and continuation algo-
rithms using AUTO2000 are highly dependent on the initial conditions and are
computationally demanding. This significantly limits the applicability of this method-
ology. But with the recent development of MATLAB® embedded continuation algo-
rithms like MATCONT [6], a direct continuation methodology for constrained system
analysis has been proposed which significantly overcomes the complexity of the
continuation procedure [7].

This work uses the bifurcation-based continuation technique to compute feasible
solutions for different maneuvers regarded for autonomous operations of strato-
spheric airship. The computed solutions take into account the complete dynamics
of the considered airship model with its state and control constraints. Some of the
challenging aspects of stratospheric airship like ascending, descending, and hovering
with a minimal lateral excursion are interpreted and validated.

The paper is structured as follows. Section 2 presents the mathematical modeling
of the considered six degrees-of-freedom stratospheric airship model. Section 3 elab-
orates the numerical description of bifurcation analysis for multi-input multi-output
dynamical systems. Maneuver design for various flight conditions like a level straight,
level turn, hover, ascend, and descend is discussed in Sect. 4. Simulation for the vali-
dation of formulated maneuvers is carried out in Sect. 5. Section 6 concludes the

paper.

2 6-DoF Aircraft Equations of Motion

This work considers an airship at an operational altitude of 21 km. Such airships
are called high altitude or stratospheric airships as they operate in the stratospheric
regime of the atmosphere. Airships in this regime face minimal intrusions from
other aerial vehicles and provide better remote sensing due to their proximity to the
ground. Reusability along with its greener, cheaper and quieter operations, makes
stratospheric airship an effective platform for surveillance, atmospheric measure-
ments, disaster management, and space tourism. Though real-time implementation
of low altitude airships is uncomplicated, mainly in ascend and descend phases,
stratospheric airships have strategic advantages like low magnitude wind speed as
inferred from the global atmospheric wind profile [8] and extensive geographic area
coverage, which serves enormous applications.

The considered airship is Gertler shaped with a hull filled with helium gas and
ballonets filled with air to regulate the internal pressure of airship. A cruciform
tail configuration at the rear serves as the control actuator for the airship. The fin
deflections of four arms are characterized as elevator (§,), aileron (8,), and rudder
(8,) angles as illustrated in Fig. 1 for the ease of incorporation in acrodynamic model
of the airship. Resultant of fin deflections that generates pitch, yaw, and roll forces
and moments are defined as elevator (§,.), aileron (8,), and rudder (6,) angles as
tabulated in Eqgs. (1)-(3),
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Fig. 1 Rear view of tail
configuration
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Structural analysis, stability, and control derivatives and inertial values of the
airship were extensively evaluated in [9]. Six degrees-of-freedom modeling of airship
should consider inertial, aerodynamic, gravitational, buoyant, and propulsive forces.
In this work, equations of motion of airship are derived with components along the
wind axes frame with origin, o at the center of volume (CV). Airship equations
of motions are similar to that of aircraft except for the influence of buoyant force
on translational and rotational dynamic equations. Buoyant force along with virtual
mass and inertia terms has a significant influence on the dynamic equations, whereas
translational and rotational kinematic equations are the same as that of aircraft, as
tabulated in Eqgs. (4)—(9) [10]

Xg = V cos a cos B(cos ¥ cos )
+ V sin B(cos ¥ sin 0 sin ¢p — sin ¥ cos ¢)
+ V sina cos B(cos ¥ sin O cos ¢ + sin Y sin ¢) 4@

ye = V cosa cos B(sin ¢ cos 6)
+ V sin B(sin ¥ sin @ sin ¢ + cos ¥ cos ¢)
+ V sin cos B(sin ¥ sin 6 cos ¢ — cos V¥ sin ¢) 5)

zg = V cosa cos B(—sin6) + V sin B(cos 6 sin ¢)
+ V sina cos B(cos 6 cos ¢) (6)

¢ =p+qgsingtand + r cos ¢ tan & (7)
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Y = secH(g sin¢g + r cos @) )

2.1 Buoyant and Gravitational Terms

The buoyant force acts along —Zp axis, whereas gravitational force acts along
+Zg axis. On using the transformation matrix as contemplated in [10], buoyant
and gravitational forces (F bg) are transformed from inertial axes system to wind
axes system.

0 —(mg — B)siny
Fy, = 0 = | (mg— B)cosysinu (10)
mg — B (mg — B)cosycosp |,

E

Moment generated on the airship due to buoyant and gravitational terms (M ;,g)
is illustrated in [8].

—(mga, + Bb;) sin ¢ cos b

My, = | —(mga, + Bb;)sin6 — (mga, + Bb,) cos¢cosb an
(mga, + Bb,) sin ¢ cos 6

2.2 Aerodynamic and Control Terms

Aerodynamic and control force and moment act along the stability axes of the system.
Thus on transforming it in wind axis frame, aerodynamic force (F,) is given by

-D —CpcosB+Cysinp

1
F.=| Y | = 5szs Cpsin B + Cy cos B (12)
—L |, —CL W
Similarly, aerodynamic moment vector (M,) is given by
L 1 bC;
M,=|M|= EpVZS cCp (13)

N bC,
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2.3 Propulsive Terms

The propulsive system consists of a symmetric pair of thrusters on the aft of CV. The

thruster on the port and starboard sides of airship is represented by 7, and T, and

they are inclined at an angle ¢, and ¢, respectively. In this work, it is assumed that the

direction of tilt angles and magnitude of thrust along both port and starboard sides

are identical. The coordinates of both thrusters are (dx, dy, dz) as shown in Fig. 2.
The propulsive force along body axes frame is

T cos & + T, cos & (Ty + T) cos ¢
F,= 0 - 0 (14)
—(Tysin g + Tysingy) |, —(Ty+ T;) sin¢ |,

On transforming the force from body to wind axes system, Eq. (14) becomes

(T + T;) cos ¢ cosacos B — (T + Tp) sin ¢ sina cos B
F,= | —(Ty+ T,) cos ¢ cosasin B + (T; + T;) sin ¢ sina sin B (15)
—(Ts + Tp) cos ¢ sina — (T + T;) sin ¢ cosa

114
Similarly, moment due to propulsive system (M p) is given by
0 X
T
%
Port
dz
dy
dX y
dy Ts
Gs
— Starboard
v
z

Fig. 2 Geometry of propulsive system
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(Ty sin &, — Ty sin &) dy

M, = | T,(d, cos {, — dy sin ) + Ti(d; cos & — d, sin &)

i (T, cos g, — Ty cos &)d,

[~ (T, — T:) sin ¢d,

= | (T, + T:)(d. cos ¢ —dysin¢) (16)
(T, — T;) cos ¢dy

Assumptions that are incorporated based on design aspects of the airship are

(1) Symmetric about xz plane with both center of buoyancy (CB) and center of
gravity (CG) in that plane, i.e., a, = by, = 0.

(2) CV coincides with CB, i.e., a, = a, = 0 and CB is above CV,i.e.,b, = 0.

(3) Thrusters are assumed to be positioned below CV, therefore, d, = 0.

(4) This work also assumes non-differential thrust and angle, ie., Ty = T, = T/2
and & =¢, =¢.

(5) Neutral buoyancy is considered throughout the entire flight regime.

(6) Airshipis considered an open system, with mass remaining constant and volume
varying with the inflation and deflation of ballonets.

Based on these assumptions and the derived terms, Newton’s second law of motion
is applied to each degree-of-freedom [8]. Translational and rotational dynamic
equations are subsequently arrived at and are presented in Egs. (17)-(22).

) Sy = + Tz BO- sin ¢ cos @ + !
= — r — J—
p A 7. )PL 7y 27,
. Jz_Jx sz 2 2
_< J, )pr+(fy>(r r)

pV2ISbC,  (17)

B\ 6 + T d + ! V2ScC (18)
—_ sin — COS — cCy

7, 7, )Eeset gy p
. Jx_-]v sz 1 2
=== (= —pV2SbC, 19
’ < 2 >pq (A)"”zfzp 1

. 1
V = — (T cos B(cos ¢ cosa — sin ¢ sin «)
My

— %szS(CD cos f — Cy sin B) — (mg — B) sin y> (20)

1
a=q-— Tﬁ{(pcosa + rsina) sin B

1
+ % (T cos¢sina + T sin cosa
Z

1
+ EszSCL—(mg—B)cosucosy>} 21
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1
B = (psina —rcosa) +
Vm

(—T sin B(cos { cosa — sin ¢ sin )
y

1
+ szzS(CY cos B + Cpsin B) + (mg — B) sin j1 cos y) (22)

3 Direct Continuation Methodology for Constrained
Dynamical Systems

The dynamics of most real-world systems could be captured by a set of ordinary
nonlinear first order differential equations of form

x=f(x,u) (23)

where x € R” is the state vector of n variables and u € R™ is the control vector of m
variables. For a six degrees-of-freedom aerial vehicles, state and control vectors are
givenbyx = [V,«a, 8, p,q,1, ¢, Q]T eR¥andu = [1, 8¢, 84, 5,17 € R4, respec-
tively. Dynamical stability evaluation of such a multi-input multi-output system
using time simulation is ineffective. It would involve numerous combinations of
control parameters with an infinite loop of initial condition dependency. Numerical
continuation-based bifurcation methodology is an effective alternative to analyze
such systems. This approach computes a series of steady states called equilibrium
or trim solutions by simultaneously solving the algebraic equations for each control
parameter by setting x = 0 in Eq. (23). Stability of the system at each trim solution is
also interpreted by calculating eigenvalues from its corresponding Jacobian matrix.
Thus, characterizing the system locally gives a picture of global dynamics of the
system.

The continuation approach solves Eq. (23) as a function of a single control param-
eter called continuation parameter, while retaining all other control parameters at a
fixed value. The remaining control parameters called free variables could be tactically
used to satisfy a set of constraints that defines a flight condition or maneuver. This
is illustrated in Eq. (24), where s € u is the continuation parameter and p € u € R?
are free variables.

x = f(x,s, p) (24)

This results in control schedules with respect to continuation parameter to satisfy
the imposed constraints. It also helps in gauging the achievability of imposed
constraints with the available control effort. It is notable that the number of constraint
equations should not exceed m — 1 and free variables should have a significant
influence on the constraint variables. Such constrained system analysis helps in the
performance evaluation of maneuvers and in feasible maneuver design [11, 12]. A
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recent development of direct continuation methodology for constrained system anal-
ysis [7] using MATCONT toolbox in MATLAB® substantially reduces the compu-
tational complexity and initial condition dependency. Thus, this methodology has
been utilized to extend the capabilities of bifurcation-based continuation technique
to trajectory design, feasibility evaluation, and optimization.

4 Maneuver Design with Feasibility Evaluation

This section evaluates different maneuvers for the autonomous operation of airship.
At the operational altitude, airships may need to follow a straight level flight or exhibit
turn maneuvers. Gauging the performance of turn maneuvers also helps in serving
some of the major functionalities of airship like station-keeping. Besides analyzing
the performance of airship at its pressure altitude, it is also important to assess its
behavior during ascend and descend phases which are the challenging aspects of
stratospheric airship platform. This section, therefore, evaluates the performance of
airship in level, turn, ascend, and descend maneuvers. This section assumes neutral
buoyancy and zero tilt angle for thrusters in level flight conditions.

4.1 Straight and Level Flight Maneuver

This section generates successive trim solutions for straight and level flight condition.
These trims correspond to airship flying in straight line at pressure altitude with
zero sideslip and wings level conditions. These conditions transcribe as constraint
equations specified in Eq. (25).

y=0:=0,¢=0 (25)

These three constraints are satisfied by freeing three control variables. Control
variables to be freed should be appropriately chosen such that they have substantial
effect on constraints. In this case, 1, §,, and §, are freed to satisfy constraints on y, 8,
and ¢, respectively. In the bifurcation plots in Fig. 3, solid lines represent stable trim
solutions and dotted lines correspond to unstable trim solutions. Thus, it could be
inferred that Hopf bifurcation occurs at the state and control trim vectors specified
in Egs. (26) and (27), respectively, with velocity in m/s and angles in degrees. The
instability is caused due to divergence of pendulum mode at higher velocities.

x = [15.7686, —0.3912,0,0,0,0,0, —0.3912]" (26)

n = 0.2307, 6, = 1.0657,6, = 0,6, =0 (27)
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Fig. 3 Bifurcation plots for straight and level flight maneuver

Airship is an underactuated system with eight state variables and four control
variables. Thus, choosing a stable trim as a maneuver design criterion helps in main-
taining the integrity of the system even in the presence of parametric and nonpara-
metric uncertainties. These set of trim solutions also help in selecting an optimal
maneuver considering the complete dynamics of the system. For example, from the
bifurcation plots, minimum energy straight and level flight maneuver corresponds to
n = 0.128 and §, = 7.5°, whereas minimum time straight and level flight maneuver
corresponds to n = 0.23 and §, = 1.05°. Thus, based on the applicability desired
maneuver could be chosen from a set of stable trim solutions.

4.2 Level Turn Maneuver

Most of the studies on aircraft turn performance consider zero-sideslip bank-to-
turn maneuvers. But in contrary, attainable bank angle computed from standard
bifurcation analysis for maximum aileron deflection is only about +5°, whereas skid
angle for maximum rudder deflection is £30° which makes skid-to-turn an effective
alternative for airships. The inherent limitation of roll in airship is also evident from
[13] where roll angle is limited to +5° and [14] ignores roll from airship equations
of motion. This is typically attributed to the dependency of airship on buoyancy
for lifting as dynamic lift force is less. In addition, location of center of buoyancy
is above the center of gravity which nullifies the moment about the roll axis [14].
This ascribes as an advantage on the functionality of airship, as payload for various
applications is usually earth-pointing. Thus, this paper deals with level skid-to-turn
maneuver design and evaluation for airship. On corollary, performance evaluation of
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turn maneuvers also results in an effective hover control strategy. Most applications
of airship demand hovering at a stationary position coordinate. Airship is neutrally
stable at hover condition, thereby making hover stabilization an important aspect of
its control design.

The constraint equations for the evaluation of turn maneuvers are chosen
prudently, such that the constraints are achievable by the available control capa-
bilities. As sideslip angle corresponding to maximum rudder deflection is +30°,
sideslip angle of —25° with zero flight path and roll angle are considered for illustra-
tion. This choice of higher sideslip angle could help in characterizing the performance
of airship by evaluating its maximum possible turn rate and minimum possible turn
radius. Thus

y=0:=-25¢=0 (28)

Asin straight and level flight maneuver, n, §,, and §, are freed to satisfy constraints
on y, B, and ¢, respectively. As inferred from the bifurcation plots in Fig. 4, Hopf
bifurcation occurs at the state and control trim vectors specified in Egs. (29) and (30),
respectively, with velocity in m/s and angles in degrees. But this trim corresponds to
enforced throttle ratio of 1.2253, which an airship is incapable of achieving as the
required thrust is more than the maximum available thrust. The onset of this instability
is characterized by the pendulum mode becoming unstable at higher velocities.

x =[16.5822, — 1.6291, — 25,0.0320, 0, 1.1248,0, — 1.6291]" (29)

n = 1.2253, 68, = 5.4214, 5, = —3.3578, 5, = —19.5993 (30)

In Fig. 5, turn rate (w) is computed by solving rotational kinematic equation of
yaw rate (w) [Eqg. (9)] and turn radius (R) is obtained by dividing velocity of the
airship by turn rate, i.e., R = V/w. On thorough perusal of Figs. 4 and 5, it could
be inferred that the maximum possible fastest turn and minimum possible tightest
turn corresponds to elevator deflection of about 20°, with consideration on state
and control limitations (§, reaches its saturation limit nearly after §, = 20°). Thus,
maximum turn rate and minimum turn radius are approximately 1°/s and 730 m,
respectively. It is also noteworthy that the tightest turn demands comparatively a
higher thrust.

4.3 Ascend and Descend Maneuvers

This section formulates feasible ascend and descend trajectories, emphasizing lateral
excursions minimization with considerations on state and control constraints. The
buoyant force experienced by the airship is given by
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B =U(h)p(h) (31

where U is the volume of the body and p is the mean density of air surrounding the
body. The envelope of airship could handle only small differential pressure. Internal
pressure is regulated using ballonet system to maintain zero static lift, i.e., B = W
throughout the flight regime. Airship is considered an open system with ballonets
open to the atmosphere. Thus, change in ballonet’s volume during ascend and descend
changes the volume of the system with the mass of airship remaining constant.

Airship employing thrust vectoring exhibit enhanced ascend and descend perfor-
mance. Thus, the vector angle for ascend is taken as 45°, based on exhaustive flight
testing performed on the Airship Industries Skyship 500/600 series [8]. To achieve a
minimum time ascend, maximum flight path angle and maximum available power,
P, is utilized. With the assumption that the propeller and motor efficiency is 1,
maximum available thrust, 7;, is given by

T = Pn/V (32)
The constraints for minimum time ascend is given by
y=10°8=0,¢=0;n=1;¢7 =45° (33)

During ascend, p has a nonlinear variation with respect to the body’s altitude. This
variation affects the dynamic pressure of airship which in turn affects the aerodynamic
forces and moments. Thus, change in p is adapted by inducing it in control vector
and using it as a continuation parameter. For the constraints specified in Eq. (33),
8¢, 64, and 8, are freed. Since, constraints on lateral directional variables are zero,
trim values of lateral directional controls, §, and §, are zero, thus, p and r are as well
zero. Elevator control schedule with maximum available thrust and longitudinal state
variables are plotted in Fig. 6. It could be inferred that the Hopf bifurcation occurs at
the state and control trim vectors specified in Egs. (34) and (35), respectively, with
density in kg/m?, velocity in m/s, and angles in degrees.

x = [16.6446, 1.3431,0,0,0,0, 0, 11.3926]" (34)

n=1¢=45,48, = —12.3505,8, = 0,4, =0, p = 0.1557 (3%)

This minimal time ascend maneuver demands a substantial lateral air space of
around 100 km, which is difficult to ensure in the air traffic zone. The lateral excur-
sion is largely reduced by imparting a skid angle, which results in a helical ascend
trajectory with radius of helix corresponding to the induced skid angle. A larger skid
angle reduces the radius of turn but it must be ensured that the proposed skid angle is
achievable by the available control efforts. For helical ascend maneuver, constraints
are chosen as
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Control schedules and the response of state variables for the considered helical
ascend are plotted in Figs. 7 and 8. Hopf bifurcation occurs at the state and control
trim vectors specified in Egs. (37) and (38), respectively, with density in kg/m?,
velocity in m/s, and angles in degrees.

x = [16.0369, 1.4108, 5, 0.0652, 0, — 0.3203, 0, 11.4991]" (37)

n=1,¢ =456, =—13.7454, 5, = 0.4804, 6, = 7.0004, p = 0.1550  (38)

Both minimal time and helical ascend maneuvers with { = 45° and n = 1
become unstable at a density of around 0.15. This corresponds to an altitude of about
16,670 m, which is conveniently above the air traffic zone and other intrusions.
Velocity also shoots up to its maximum allowable value. This demands a change
in approach to ensure the stability of airship after the airship reaches an altitude of
16,670 m.

Minimal lateral excursion need not be considered a hard constraint above an alti-
tude of 16,670 m, aiding zero skid angle consideration. Exerting maximum available
thrust during ascend increases the velocity of airship as inferred from Figs. 6 and 8.
This calls for curbing the velocity below its maximum value to ensure safety. Thus, a
constraint in velocity of 13.5 m/s is considered with y = 3°. The tilt angle is brought
back to zero. This results in the constraint equations given by
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V=135m/s;y =3%8=0,¢=0,=0

(39)

n and §, are freed to achieve constraints on V and y with the maximum available
thrust taken to be 6000 N. It is also evident that §, and §, are zero to achieve zero
skid and roll angle. Response of non-zero state and control variables with respect to
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the specified set of constraints is depicted in Fig. 9. From the plots, it is inferred that
the flight path angle is maintained at 3° and the commanded velocity is unachievable
for densities above 0.45 kg/m?, as throttle ratio shoots above 1. Thus, for velocity
constraint maneuver during ascend, velocity should be judiciously chosen through
thorough perusal on velocity profile corresponding to maximum available thrust in
Fig. 6. This maneuver could be used in the final neck of ascend, beyond the air traffic
prone zone of the lower stratosphere.

The same approach could be carried out for descend maneuvers design. While
descending, constrained longitudinal only maneuver with V = 13.5m/s and y =
—3° is used till an altitude of 16 km. After which, a helical descend maneuver with
y = —10°is employed. A narrow regime of stability in ascend and descend maneuver
design emphasizes the importance of the proposed maneuver design approach. A
randomly chosen maneuver might not work under the state and control constraints
of airship. This explains scant attention on ascend and descend in the literature
pertaining to the control of stratospheric airship.

5 Validation

This section illustrates the feasibility of proposed maneuvers with control schedules
in open-loop. It also helps in analyzing the performance of computational bifurcation
methodology in maneuver design and optimization approaches.
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5.1 Level Performance Analysis

A scenario of executing the tightest possible turn from a steady level flight condition
is considered. A feasible state and control trim corresponding to a stable straight
and level condition is chosen from Fig. 3 and is tabulated in Egs. (40) and (41),
respectively, with velocity in m/s and angles in degrees.

x = [14.6671, —0.4810,0,0,0,0,0, —0.4810]" (40)

n =0.1913,6, = 1.3145,6, = 0,4, =0 41

Airship is simulated with controls in Eq. (41) for 500s. After which it is
commanded to execute the minimum radius turn maneuver. From Fig. 4, state and
control trim corresponding to a stable and achievable minimum radius of turn is
chosen and is given in Eqgs. (42) and (43), respectively, with velocity in m/s and
angles in degrees.

x = [12.7204, —4.7627, —25,0.0812,0,0.9750, 0, — 4.7627]" (42)

n = 0.8216, 6, = 18.0558, §, = —15.9716, 6, = —27.6369 (43)

Response of airship during the execution of proposed maneuver is plotted in
Figs. 10 and 11. For the initial 500 s, airship travels with the velocity of about
14.6 m/s covering a distance of 7300 m. Airship is then commanded to execute level
turn maneuver with minimum possible turn radius. It is inferred from Fig. 10 that the
radius of turn is approximately 740 m, which matches with the turn radius computed
and plotted in Fig. 5. In order to maintain zero flight path angle, 7 is freed as discussed
in Sect. 4. But controlling y demands controlling both « and 6, i.e., two state vari-
ables are controlled using a single control input. Such issues of underactuation are
effectively handled by this maneuver design approach.

This illustration also helps in analyzing the hover capabilities of airship. Hover
of airship at the pressure altitude is a neutrally stable flight condition [15]. Thus,

1500 22 20
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E S0 2 21
> 2
£
0 A =2 205
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Fig. 10 Position trajectories for the considered maneuver
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Fig. 11 Response of state variables for the considered maneuvers

maintaining its position coordinates amidst strong gust becomes a challenging task
in autonomous airship maneuvering. Few works demonstrate the challenges faced
by airship during hover in turbulent atmospheric environments and infer that signif-
icant thrust and control power are required to station-keep [16, 17], with the risk on
system’s integrity at worst case scenarios. In such situations, the proposed tightest
turn maneuver could be commanded with the backing of robust controller to achieve
it. This causes airship to suffer only a minor change from the station-kept position
coordinates. If the thrust demand shoots up further, skid angle could be considerably
reduced and maneuver is appropriately redesigned while ensuring the safety and
integrity of the airship.

5.2 Ascend Maneuver Evaluation

The feasibility of proposed ascend maneuvers with control schedules in open-loop
is evaluated. The proposed helical and longitudinal only ascend maneuvers are eval-
uated using the simulation framework portrayed in Fig. 12. Based on the altitude
of airship (h = —zg), p is calculated using curve fitting of atmospheric density
and altitude data. From sea level corresponding to p = 1.2256kg/m?, through
h = 16,670m corresponding to p = 0.15, control schedules of helical ascend
with respect to their corresponding densities (plotted in Fig. 7) are fed to airship
model with n = 1 and ¢ = 45°. Subsequently, control schedules corresponding to
longitudinal only ascend (plotted in Fig. 9) with V = 13.5m/s and y = 3° are fed,
with T;, = 6000N and §,, §,, ¢ = 0, till the airship reaches its operational altitude
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corresponding to density of around 0.075kg/m>. The response of state variables
x=[V,a,8,p,q,7,¢,0, ¥, xg, Vg, zg]T is recorded and fed back to determine
corresponding density and control profile.

Position trajectories and state response of the implemented ascend maneuver are
plotted in Figs. 13 and 14. It is evident that the helical ascend with y = 10° is carried
out till an altitude of 16,500 m. During this phase, 8 is maintained at 5° to limit
lateral excursion to a maximum of 5000 m, as inferred from Figs. 13 and 14. This is
beneficial while climbing through air traffic and tropospheric interferences. Beyond
this altitude, longitudinal only maneuver with constraints on V and y is executed.
The feasibility of the proposed ascend maneuver is thus successfully validated.

6 Conclusions

Autonomous maneuvering of aerial vehicles has gained predominant interest in the
recent past. In that regard, one of the prime realms that receive scant emphasis is
maneuver design. This work establishes an effective maneuver design technique
using bifurcation-based continuation approach. This methodology takes into consid-
eration the dynamics of the system with state and control constraints and generates a
series of feasible solutions. A few major challenges in airship autonomy like stability
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during hover, ascend, and descend phases are addressed. The proposed maneuvers
are then validated using an open-loop formulation with computed control profiles
from bifurcation analysis. The flexibility to choose from a family of feasible solutions
with different constraint sets makes this a unique platform for maneuver design. The
reliability of controllers in uncertain environments could be greatly enhanced with
the knowledge of feasible solutions, especially for underactuated systems.
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Estimation of Stability Derivatives Due m
to Translational Motion of Various LTA Gedida
Vehicles Using CFD

Anoop Sasidharan, Ratna Kishore Velamati, Sheeja Janardhanan,
Venkata Ramana Murthy Oruganti, and Akram Mohammad

1 Introduction

Wind data is an inevitable part of the wind energy sector. The major applications
of wind data are the dispatching of load [1], forecasting demand [2], planning the
generation [3] and maintenance of the mechanical structures [4]. The conventional
method of wind data collection in the wind energy harvesting sites is based on the pole
based methods. This method has a few drawbacks, such as the need for a permanent
structural setup which may cause environmental and aesthetic impacts on the site,
the inability to vary the altitude of the structure, a long gestation period and cannot
be relocated or reused easily [5]. A tethered aerostat can be considered as an alternate
method for low-altitude wind measurement. Compared to the conventional method,
the proposed method has the following advantages; it gives freedom to vary the
altitude of operation, it does not require any permanent structure for the deployment,
takes less time for deploying at a site and can be relocated easily to different locations
and reused. The feasibility of such a system should be investigated with the help of
mathematical models.

Mathematical modelling of complex systems such as lighter-than-air (LTA) vehi-
cles plays a vital role in understanding and predicting the unsteady aerodynamic
behaviour of that system [6]. Since the functional form of aerodynamic effects [7]
in the form of forces and moments on the aerial vehicle is not readily available for
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direct measurement, mathematical derivatives are needed to model these forces and
moments [8, 9]. Derivatives are a measure of the degree of variation of a function or a
parameter with respect to input or another parameter. In the field of dynamics, those
derivatives that can represent the model’s sensitivity to some motion variables are
termed stability derivatives because these derivatives help simplify the model so that
the stability analysis and control of the model become easy. Aerodynamic models
using stability derivatives are considered an accurate approach to the mathematical
modelling of aerial vehicles.

The estimation or extraction of the stability derivatives was reported mainly using
flight tests, wind tunnel tests and numerical methods. Some of the essential works
reported in these classes are presented here. The estimation of the aerodynamic
derivatives for the LTA vehicles using a semi-empirical procedure was reported in
[10]. They have considered the hull-fin interference using an analytical model and
the static wind tunnel data by which the dynamic motion of the vehicle can be
represented well. As an extension, they have investigated the longitudinal and lateral
stability derivatives for the TCOM 71M aerostat [11]. The model also verified the
static and dynamic stability of the aerostat obtained using the stability derivatives.
A neural network-based prediction of the dynamic derivatives of an aircraft at high
angles of attack was presented by [12]. They provided decent results for pitching
moment derivatives compared to the wind tunnel experimental data. A wind tunnel-
based stability derivative estimation for a hybrid buoyant aerial vehicle is presented
by [13]. They compared the stability of the vehicle with wings and without wings.
Even though the physical realism of the experimental methods such as flight tests
and wind tunnel tests is highly appreciable, they have some limitations such as
scaling errors, blocking effects and high cost. A system identification approach for
obtaining the stability derivatives of an LTA vehicle undergoing swing oscillation
was presented in [14]. Computational methods were also reported to estimate the
stability derivatives of LTA vehicles [15].

Considering the fact that the computational fluid dynamics (CFD) solvers are
now capable of handling high-performance tasks due to the developments in digital
computing, their application in the extraction of stability derivatives is being largely
explored by the research community. Most of the limitations of the experimental
method, such as the wind tunnel tests, can be overcome by the CFD based methods.
A forced oscillation of the body was used for extracting the stability derivatives. The
motion variables other than the oscillating parameter are considered zero as per the
linear theory. A forced periodic oscillation is imposed on the respective degree of
freedom of the model to calculate the respective dynamic derivative. For example,
the moment stability derivative due to the pitch rate can be extracted by imposing a
periodic angular oscillation about the lateral axis and centre of the moment [9]. The
measured moment response will be used to extract the derivative based on the Fourier
series approximation. Such a methodology for estimating stability derivatives using
CFD for the Zhiyuan airship is presented in [16]. Stability derivatives involved in
the pitch and heave motions of the airship were investigated using forced sinusoidal
oscillations. They have presented the effect of the tail fins on stability as well. Stabil-
ity derivatives prediction for a full aircraft configuration was investigated to represent
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the unsteady aerodynamic load on the flight dynamics for transonic speeds and larger
angles of attack as in [17, 18]. An investigation of the stability of hybrid airships
using the analysis of the stability derivatives was presented by [19]. The added mass
and inertia terms extraction for an underwater vehicle were reported in [20]. They
have compared their results with the results from an experimental procedure and the-
oretical results. Using stability derivatives addressed by [21], the aerodynamic shape
optimisation considered the derivatives as constraints in the optimisation problem.

The forced sinusoidal oscillation-based stability derivative extraction is the most
popular method due to the well developed Fourier theory and the easy practical
realisation [22, 23]. There are also works reported with different methodologies,
such as the work reported in [24]. The history effect and the actuation of the body
using piece-wise velocity functions were the basis of their methodology. Even though
the rotational dynamics were not able to capture, the methodology was validated with
existing data. A detailed literature review of the existing methodologies for stability
derivative extraction using CFD can be found in [25].

In this paper, the authors present the stability derivative estimation of aerostat using
CFD-based methodology. Stability derivatives of the aerostat due to translational
oscillations are extracted by applying a translational forced sinusoidal oscillation
along with the vertical and axial directions. A steady wind condition is considered
for the study. As the geometry of the aerostat has a significant influence on the aero-
dynamic stability, the effect of the aerostat envelope shapes in the context of stability
derivatives which is investigated as well. It will also help to understand the methodol-
ogy’s efficacy and generalisation thoroughly. There are many aerostat/airship geome-
tries available in the open literature. The NPL shape has been designed and developed
by the National Physical Laboratory for reducing the chances of flow separation [26].
It was achieved by providing a continuous variation in the radius of curvature of the
profile. The GNVR shape has been reported to be alow drag profile [26]. Both of these
shapes represented a combination of different simple geometries, such as ellipse and
parabola. It made them feasible for geometry optimisation. A high-altitude appli-
cation was reported, which was claimed to have a minimum weight to increase the
payload and stability (HAA shape) [27]. All the above-mentioned shapes were pro-
posed for stratospheric operation. A bionic design for the airship has been reported
to minimise drag (bionic shape) [28]. It was achieved by imitating the morphological
features of an aquatic animal (Physalia physalis). Other low drag profiles were also
reported for specific applications, such as the Zhiyuan shape [16] and Wang shape
[29].

The rest of the paper is structured as follows; Sect.2 presents the methodology
involved in the stability derivative extraction of aerostat using CFD analysis and
the various aerostat models used for the analysis. Section4 presents the numeri-
cal simulation setup considered for the current study. Section5 presents the results
obtained from the analysis of the stability derivatives due to the heave and surge
oscillations and a comparison of the derivatives among the four aerostats. Finally,
Sect. 6 concludes the work with the major findings and the future scope of the study.
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2 Stability Derivatives Extraction Methodology

In this work, the longitudinal motion of the aerostat is considered. The lateral motion
of the aerostat is assumed to be negated by the control surfaces. The motion variables
involved in the decoupled linear longitudinal dynamic model are u, w and g. The
longitudinal model of the aerostat can be expressed as [30],

myu + (ma, — Dq)q' =D,+ Dy + D,
mzw — (ma, + Lq)q =L,+Lr+ Lg (D
Jyg + (ma, — My)ic — (ma, + M) = My + My + M,

where, D,, L, and M, are the aerodynamic forces and moment, Dy, Ly and My are
the forces and moment due to tethers and Dy, L, and M, are the forces and moment
due to buoyancy and gravity.

In the current study, the tether dynamics and the forces due to gravity are not
included, and for simplicity, they will be named as external forces (Fex) in the rest of
the paper. The aerodynamic part of the longitudinal dynamic model of the aerostat
can be represented as follows,

D, = D, + Du+ Dyw + (D, —m ,W,)q
Ly=L,+Lu+L,w+ (L, +m.U)q 2)
M,=M,+ Muu + Mww + (Mq —ma,U, —ma,W,)q

where W, and U, are the component of steady velocity along the vertical and axial
direction, D,, L, and M, are the static drag, lift and moment derivatives, Du, L,,,
M are the drag, lift, and moment derivatives due to axial ve1001ty, Dw, Lw, M are
the drag, lift, and moment derivatives due to vertical velocity, D L and M are the
drag, lift and moment derivatives due to pitch.

Thus, Eq. (1) can be expressed in matrix form as given in Eq. (3). The terms with
dots are the stability derivatives involved in the longitudinal dynamics of the aerostat.

m — Dy 0 maz—Dq

i
0 m— Ly may+ I;q w| =
| ma, — M; ma, + My, I, — M, q )
D, D, D, Dq —m, W, u
Le |+ | Ly Ly Ly+mU. w | + Feu
| M. M M M; — ma, U, — ma, W, q

The model variables included in the longitudinal model of the aerostat are u, w,
q, D, L and M. These longitudinal dynamic variables are predominant in the heave,
surge and pitch motions of the aerostat. Figure 1a shows the orientation of the aerostat
axis, wind direction and the motions considered in this study.
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-~
Heave

Fig. 1 a Body fixed reference axis and the directions of motions considered, b heave motion and
¢ surge motion

This paper investigates the stability derivatives due to the surge and heave oscil-
lations of the aerostat. The methodology used for the extraction of the stability
derivatives includes the simulation of the model for steady-state and then transient
and finally the oscillations in the respective directions. The forces and moment (D,
L and M) are measured for the oscillated motions. A stable cycle of data will be used
from these measured responses to extract the stability derivatives using the Fourier
series-based method discussed as follows.

The stability derivatives associated with the translational forward motion (along
the X-axis) can be expressed as the linear decomposed forces and moment as follows,

D! = D, + D,u + Dyt
L} = L.+ L+ Ly )

MS = M, + M,u + M,
A forced sinusoidal oscillatory motion will be induced in the aerostat axial
direction, as shown in Fig. 1b. The motion can be defined by the displacement

X = ug sin w;t, velocity u = w;ug cos w,t and acceleration i = —a)szuo sin wyt. Sub-
stituting the values of u and # into Eq. (4) will result in,

D) =D, + D, wsit cOS Wyt — D,;a)szuo sin w;t
L=L,+ L, wsitg cOS st — L,;a)fuo sin wgt %)

M, =M, + M,wsupcos wst — M,;a)szuo sin wgt
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As Eq. (5) comprises the sine and cosine components, the coefficients can be
compared with the corresponding Fourier series representations of the forces and
moment with higher-order terms neglected as given in Eq. (6).

D, = ay/2 + a; cos wst + a, sin w,t
L, = by/2 + by cos wst + by sin w;t

M, = co/2 + c1 cos wst + ¢, Sin wst

(6)

By comparing the coefficients of in phase and out of phase components of Eq. (6)

and Eq. (5), ) )
Du = al/(w‘vuo); Lu = bl/(wsu())
M, = ci/(wu0); Dy = —ar/(w]uo) (7
Ly = —by/(@ug); M; = —c2/(w]uo)
where,
To/2 Ty/2
a = — D, (t) cos(wst)dt a = — D, (t) sin(wyt)dt
Ty Ty
—Ty/2 —Ty/2
To/2 To/2
2 2 .
by = — L, () cos(wst)dt by = — L, () sin(wyt)dt
T() TO
—To/2 ~Ty/2
To/2 To/2
2 2 .
= — M, (1) cos(w,t)dt = — M, (1) sin(w,t)dt
T() TO
—Ty/2 —Ty/2

According to Eq. (7), a full cycle response of drag, lift and moment for the forced
oscillation along the axial direction will give the six stability derivatives due to axial
velocity and acceleration. In a similar manner, the stability derivatives due to heave
oscillations can be estimated.

3 Aerostat Shapes

In this study, a four-winged aerostat with a ‘+’ orientation of the wings is considered.
The length of the aerostat is fixed as 13.5 m by considering the required volume for
the desired payload weight. Four different aerostat envelope shapes obtained from
the open literature were considered for the comparison of stability derivative results
obtained from the current study. They are: the Zhiyuan shape [16], GNVR shape
[26], NPL shape [26] and HAA shape [27], as shown in Fig.2. These shapes were
selected by considering the variation of their leading edge geometry, diameter and the
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0.2

Fig. 2 Aerostat shapes considered for the current study

(a) (b)

(c) (d)

Fig. 3 Aerostat 3D models; a Zhiyuan, b GNVR, ¢ NPL and d HAA shape

lift-drag characteristics. The 3D models used for the simulation analysis are shown
in Fig. 3. The maximum diameter is 4.09 m for the Zhiyuan shape, 4.55 m for the
GNVR shape, 3.33 m for the NPL shape and 4.09 m for the HAA shape. Among the
four aerostat shapes considered, Zhiyuan has the maximum volume, and NPL has
the least volume.

4 Numerical Simulation

4.1 Governing Equations

The current study involves the simulations done using acommercial CFD solver FLU-
ENT 20.0. The 3D, incompressible, unsteady flow was solved using the Reynolds
Averaged Navier—Stokes (RANS) equations [31]. The governing equations can be
expressed as,
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V-
®)

<l <
l

ad = -
p?+pv-<VV)=—Vp+V-(f)+p§>

where p is the density, V is the velocity, p is the pressure and E) is the acceleration
due to gravity. The stress tensor T can be expressed as,

F=(n+n) [V7 + (V)T - §V~71]

where p is the dynamic viscosity, i, is the turbulence viscosity and I is an identity
matrix.

The SIMPLE algorithm was used for the pressure velocity coupling, and the
second-order upwind scheme was used for the spatial discretization of the convective
terms. A standard interpolation scheme was used for the pressure interpolation, and an
iterative time advancement scheme was used for time advancement. The convergence
criterion was set to the order of 10~ for continuity, velocity and turbulence quantities.

4.2 Computational Domain and Grid

The computational domain used for the simulation is shown in Fig. 4. The dimensions
for the domain are selected after an initial domain independence study. The outermost
box volume shown in Fig. 4 has a velocity inlet on four faces, a pressure outlet on one
face and symmetry on the other. The outer and intermediate volumes were common
for all the aerostat simulations presented in this paper. Dimensions of the domain
are specified as a function of the aerostat model length. The dynamic mesh feature

Side view - g 1 Front view
Side - Velocity inlet

Stationary outer volume e
B vy ; i I v
= Moving = 1 - 7
= intermediate 1 - Stationary o
5 e = I outer volume |2
(=] . L7 l t—
E=, 1 c .
g inner \;olume : s . 2| z| Moving inner >
I X i = 12 ,;L[ volume 2
g\ \ Atrostatand = I = Moving =
a1\ \close volum 155 i intermediate | .,
— 1 ) 1 c - .c
g = vo]ume\ =
§ 2L | E XS ”
L I oo L i 1
L ittt et ' [ 40ERTEEN 1

Side - Velocity inlet 1

Fig. 4 Computational domain for the current study with the boundary conditions
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realised the heave and surge motion simulations. The inner and intermediate volumes
were specified as rigid bodies, and the outer volume was kept stationary for the surge
and heave motions.

The computational grid used for the current study was made using GAMBIT
and FLUENT meshing. The grid for outer and intermediate volumes (refer Fig.4)
was done using GAMBIT with a total of 0.1 M tetrahedral-hexahedral hybrid cells.
Comparatively, the coarse grid was used for the outer volumes. Grid for the inner
volume with aerostat (different for each aerostat shape) was done using ANSYS
FLUENT meshing, as shown in Fig.5. The range of the number of cells used for
each shape is 3—3.5 M. Cut cell mesh topology was used for the inner volumes. The
proximity of the aerostat was meshed fine using a refining body of influence in the
shape of an ellipse. The inner volume mesh has 50 x 50 x 15 cells along the X, Y
and Z Cartesian axes. The viscous boundary layer was specified with 5E — 005 as
the first layer thickness, 1.35 as the stretching ratio and had 18 layers for the aerostat
surface. With the above-specified grid configuration, the average value of the wall
‘Y+ is found to be 0.435 with a minimum of 0.0349 and a maximum of 1.

(a) (b)

T

()

Fig. 5 Computational grid; a full domain, b close to the surface and ¢ leading edge section with
boundary layers
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5 Results and Discussion

5.1 Grid and Time Step Independence Study

The efficacy of the mesh used for the analysis was tested for different grid refinements,
as shown in Fig. 6a, and the simulation time step independence study was performed,
as shown in Fig.6b. The simulation was done by providing the aerostat with an
unsteady velocity in the form of a sinusoidal gust. The coefficient of drag and moment
was measured respectively for the comparison. The results show that the grid used
for the study is independent of the grid refinement and the time step.

5.2 Validation of the Grid Motion

The dynamic mesh method for the heave and surge oscillations was validated using
the AGARD CT1 [32]. NACA 0012 airfoil was used for the validation. A comparison
of the lift coefficient and the pitching moment coefficient with the experimental data
is shown in Fig. 7. An appreciable similarity is there with the results, thus validating
the grid motion feasibility for further analysis.

5.3 Validation of the Stability Derivative Extraction
Methodology

The methodology for the extraction of stability derivatives presented in Sect.2 was
validated using the 6:1 prolate spheroid. The added mass coefficients were compared
with the theoretical calculation as well as with the simulation study by [16].

—u/800) |
|= = =T:/400]

oosy”

-0.05
0

0.2 0.4 0.6 0.8 1
T T

(a) (b)

Fig. 6 a Grid independence and b time independence test results of the aerostat model
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Fig. 7 Validation of grid motion; a lift coefficient and b moment coefficient comparison with
AGARD CT1

For the estimation of L.u-,, a sinusoidal oscillation with amplitude 1 m/s and fre-
quency 3.9 rad was used. For the estimation of Mq, two sinusoidal oscillations with
amplitude 5° and frequencies w; = 29.79 rad and w, = 21.06 rad were used.

The theoretical calculations can be obtained using the following equations [33],

. 4
L,=—-= b 9
37Pa c2_C0 ©)
. 4 abc(a? — c¢®)?*(Ag — Cp)
My =—— 10
T TP a2 + (Co — AP+ a?) (o

The simulated value of Lw is —0.0457 and the theoretical value is —0.0430, and
for M;, the corresponding values are —0.00339 and —0.0033.

5.4 Acceleration and Frequency Independence Study

As the current study involves the forced oscillation of the aerostat along the three
degrees of freedom, the independence study of the stability derivatives from the
amplitude of oscillations (acceleration of the motion) has to be done. Such a study
was conducted for the Zhiyuan aerostat for heave oscillations, and the acceleration
independence was tested for all the stability derivatives involved as shown in Fig. 8.
The coefficients with almost the same values show the simulation’s acceleration
independence.

The estimation of moment stability derivatives involves the application of two
sinusoidal oscillations with different frequencies. A frequency independence study
was conducted for all the stability derivatives that required two frequencies. The
results for the estimation of Mé for a 10° angle of attack are shown in Fig.9. Here,
three frequencies are used for the comparison; 2.32 rad/s (2.7 s), 2.09 rad/s (3 s) and
1.90rad/s (3.3 s). The frequency independence of the simulation is clearly observable
in Fig. 9.
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Fig. 8 Acceleration independence study results; a a full cycle drag response and b stability
derivative, D;;, comparison
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Fig. 9 Oscillation frequency independence study results; a a full cycle moment response and b
stability derivative, M;, comparison

The stability derivative extraction methodology presented in Sect. 2 was applied to
the four aerostats with four different angles of attack. Three full cycles of responses
were obtained for all the simulation cases, and a full stable cycle was selected for
the analysis. The surge and heave oscillations were simulated using an amplitude
of oscillation of 1 m/s. The drag, lift and moment response were measured for each
aerostat shape for the heave oscillations. All the responses are plotted with the non-
dimensional time on the X-axis.

5.5 Zhiyuan Aerostat

The response of the Zhiyuan aerostat for surge and heave oscillations is shown in
Fig. 10. The figure shows the lift response for the heave oscillation. The first column of
the figure represents a continuous set of responses and the second column represents
the single-cycle plots that are used for the stability derivatives extraction. As the
input oscillations are sinusoidal, the responses are also sinusoidal, as shown in the
figure.
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Fig. 10 Response of Zhiyuan aerostat for a heave oscillation-3 cycles, b heave oscillation-1 cycle,
¢ surge oscillation-3 cycles and d surge oscillation-1 cycle

The magnitude of lift increases with the increase in the angle of attack, as shown
in Fig. 10a. It is due to the variation in the differential pressure between the top and
the bottom surfaces of the aerostat. Further increase in the angle of attack may cause
stall condition, and it is not in the scope of the current study. The drag remains
constant for the smaller angles of attack, as shown in Fig. 10c, because the frontal
area hit by the wind remains almost unchanged. As the angle of attack increases to
10°, the frontal area of the aerostat increases and the drag increases.

The stability derivatives of the Zhiyuan aerostat due to the heave oscillation were
extracted using the methodology specified in Sect.2. A comparison of the stability
derivatives extracted from the surge oscillations and heave oscillations for different
angles of attack are shown in Figs. 11 and 12.

Drag derivative due to axial acceleration and velocity shown in Fig. 1 1a, b, respec-
tively, shows almost constant values for the small angles of attack. As the angle of
attack increases to 10°, the derivative increases as well. This is in close agreement
with the drag response shown in Fig. 10a. Lift derivative due to the axial acceler-
ation and velocity shown in Fig. 11c, d, respectively, shows a linear variation with
the angle of attack. This shows the peculiar behaviour of the aerostat to build up
the lift as the axial acceleration happens, which aids the dynamic stability of the
aerostat. The magnitude of the derivatives shifts from negative to positive as the
angle of attack changes from negative to positive. At the zero degree angle of attack,
the derivative value is close to zero. That means the acceleration of the aerostat at
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Fig. 12 Zhiyuan aerostat stability derivatives for heave oscillations at different angles of attack

zero degrees angle of attack will not affect much on the lift. Moment derivative due
to axial acceleration and velocity shown in Figs. 11e, f, respectively, show a linear
decrease with the angle of attack. There is an exception at a 10° angle of attack for
the acceleration derivative. Thus, the acceleration along the axial direction causes
the moment to decrease, reducing the control effort for pitch control.

Drag derivative due to the vertical velocity, shown in Fig. 12a, is linearly decreas-
ing with the angle of attack. In contrast, the lift derivative is almost constant, as
shown in Fig. 12c. The lift derivative due to vertical acceleration shown in Fig. 12b
remains constant for small angles of attack but reduces to a lower value for the higher
angle of attack. The vertical acceleration mainly caused by vertical gusts will not
aid the drag build up of the aerostat. On the other hand, it will not even benefit the
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lift generation of the aerostat. The moment derivative due to vertical velocity shows
a variation opposite to the moment derivative due to axial acceleration, as shown in
Fig. 12c. The moment derivative due to vertical acceleration remains constant for all
the angles of attack with an exception at zero degree, as shown in Fig. 12d.

5.6 GNVR, HAA and NPL Aerostats

The simulations for extracting the stability derivatives due to the surge and heave
oscillations were repeated for the GNVR, HAA and NPL aerostats as well. Here in
this section, some of those results which showed deviation from the Zhiyuan response
are presented.

The response of the GNVR aerostat, HAA aerostat and NPL aerostat for surge
and heave oscillations is shown in Fig. 13. A stable cycle of response used for the
stability derivatives extraction is shown in the figure.

The lift response of the GNVR aerostat for different angles of attack shows an
increment with the angle of attack as shown in Fig. 13a. The close similarity between
the Zhiyuan shape and GNVR shape made the lift response of these two aerostats
similar. The drag response of the GNVR aerostat shown in Fig. 13b has a considerable
deviation from that of the Zhiyuan aerostat. Due to the more streamlined design,
the Zhiyuan aerostat has a reduced drag compared to the GNVR aerostat. The lift
response of the HAA aerostat for different angles of attack is shown in Fig. 13c.
The amplitude of the lift increases with the increase in the angle of attack. The drag
response shown in Fig. 13d demonstrates an invariant relation with the angle of attack.
The moment response, shown in Fig. 13f, reduces with the increase in the angle of
attack. The lift response of the NPL aerostat shown in Fig. 13e shows the least lift
magnitude for the given angles of attack. The drag response remains constant for
the smaller angles of attack and shows a slight increase in the magnitude for the 10°
angle of attack, as shown in Fig. 13f. The drag magnitude is also the least among the
four aerostats.

The stability derivatives obtained for the Zhiyuan aerostat is compared with those
for the other aerostats, as shown in Fig. 14. The drag derivatives due to axial accel-
eration for the four aerostats shown in Fig. 14a remain constant with the angle of
attack. Even though the individual derivatives remain constant, their magnitude varies
largely among the aerostats. GNVR aerostat has the maximum value, and the NPL
has the minimum value, as shown in the figure. As seen for the Zhiyuan aerostat case
in Fig. 11a, the drag derivatives for the 10° angle of attack show a deviation for all the
aerostats. It is due to the increase in the frontal area of the aerostat due to the large
angle of attack. The magnitude of drag derivative for the GNVR aerostat is slightly
higher than that for the Zhiyuan aerostat. This can be explained by the slightly larger
diameter of the GNVR aerostat, which causes the front area to increase slightly. In
a similar way, the diameter of the NPL aerostat is smaller than the Zhiyuan aerostat,
which causes the front area to be smaller than the other aerostat, thereby resulting in
a smaller drag. This drag magnitude pattern is reflected in the rate of change of drag
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Fig. 13 Response of GNVR aerostat for a heave oscillation and b surge oscillation, HAA aerostat
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as well. As the diameter of Zhiyuan and HAA aerostats was the same, drag response
and the drag derivative remained the same, as shown in the figure. The lower drag
derivative value of the NPL aerostat helps to maintain the attitude of the aerostat
because as the aerostat accelerates forward, the drag build up will be comparatively
less among the four aerostats. On the other hand, the other three aerostats need more
station-keeping control effort.

The lift derivative due to the axial acceleration for the four aerostats is shown
in Fig. 14b. There is a peculiar difference between the derivative response of the
Zhiyuan aerostat among the other aerostats. As the angle of attack increases, the
rate of change of lift due to the axial acceleration increases linearly, whereas the
derivatives decrease for the other aerostats. This particular behaviour of the Zhiyuan
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Fig. 14 Comparing the stability derivatives of Zhiyuan aerostat with other aerostats

aerostat is advantageous for the dynamic stability of the aerostat as the increased lift
helps the aerostat to be more stable. The geometry of the Zhiyuan aerostat causes
this particular response. All the other aerostats considered have a less pointy leading
edge than the Zhiyuan aerostat. The positive slope in the lift derivative with the axial
acceleration of the Zhiyuan aerostat aids the altitude control and station-keeping
control efforts. The acceleration along the axial direction causes the lift to reduce its
magnitude for the other three aerostats, unlike the Zhiyuan aerostat case. It shows
that the aerostat fails to retain its lift as its own. There should be control actions to
maintain the required lift for the aerostat.

The moment derivatives due to the axial acceleration for the four aerostats are
shown in Fig. 14c. The rate of change of moment decreases with the angle of attack
for the other three aerostats. The reduction in the moment derivative due to the axial
acceleration will reduce the control effort for the pitch control. The Zhiyuan aerostat
moment derivative increases for the positive angle of attack, as shown in the figure.
Thus, the Zhiyuan aerostat demands more control effort for maintaining the desired
pitch for large positive angles of attack. Even though the stalling of the aerostat is
not in the scope of this work, the pattern in the moment derivative for the Zhiyuan
aerostat suggests that stalling occurs at a lower angle of attack than for the other
three aerostats.

The drag derivatives due to the vertical velocity for the four aerostats are shown
in Fig. 14d. There is a positive slope for the derivatives plot for the GNVR, HAA
and NPL aerostats and a negative slope for the Zhiyuan aerostat. Unlike the Zhiyuan
aerostat, the drag magnitude builds up as the other three aerostats accelerate in the
vertical direction, primarily due to vertical wind gusts. This demands more control
effort for the station keeping and attitude control for the aerostats. This shows that
as the turning of the aerostat for a pitch up flight, such as taking off from the ground
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station, slows down the aerostat due to the extra drag build up. The negative slope of
the Zhiyuan aerostat aids the control efforts to maintain the position of the aerostat.

The lift derivatives due to the vertical velocity for the four aerostats shown in
Fig. 14e possess constant values for different angles of attack. The vertical acceler-
ation can be due to the presence of a strong vertical wind gust or an ascending flight
phase at the time of the installation or maintenance of the aerostat. The Zhiyuan
aerostat has the maximum lift derivative in the negative direction, which demands
more control effort for the station keeping. All the other aerostats aid the lift for the
ascending phase, which helps to reduce the control effort. The moment derivatives
due to the vertical acceleration for the four aerostats shown in Fig. 14f also remain
constant for different angles of attack. Zhiyuan, HAA and GNVR aerostats have
the maximum value among the four aerostats, making the pitch control rapid and
requiring more effort to keep them in the desired pitch. The NPL aerostat has the
minimum value, which helps the aerostat to vary the pitch smoothly with less control
effort.

6 Conclusions and Future Scope

The presented study has considered the translational motion of the aerostat in X
(surge) and Y (heave) directions for the extraction of the stability derivative. A small-
amplitude sinusoidal oscillation was used for the simulation of the aerostat motion. A
methodology for the extraction of stability derivatives from the full cycle oscillation
responses of the aerostat was presented with CFD simulation results. A base case
aerostat shape was selected for the analysis, and three other aerostat shapes were
considered for the comparison of results obtained from the analysis.

In this paper, the stability derivatives of the Zhiyuan aerostat at four different
angles of attack were presented. The results of which were compared with the deriva-
tives of the other three aerostats as well. The drag and lift performance of the Zhiyuan
aerostat are superior among the four aerostats. This will help the aerostat to be con-
trolled with less control effort during the station keeping and attitude control tasks.
The NPL aerostat had better moment stability for the pitching acceleration. This will
make the Zhiyuan aerostat demand more control effort for the pitching manoeuvre.

From this study, it can be concluded that the Zhiyuan aerostat can be used for the
low-altitude wind measurement application. The more aecrodynamic geometry of the
Zhiyuan aerostat compared to the other three aerostats was the main reason for this
peculiar performance. The dynamic stability analysed using the stability derivatives
suggests the superiority of the Zhiyuan aerostat among the four aerostats. The drag
and lift performance of the Zhiyuan aerostat are such that it aids the station keeping
and attitude control efforts.

This study will be extended for the investigation of the stability derivatives due to
surge and pitch motions. The longitudinal stability derivatives can be extracted from
the aerostat oscillations involving the longitudinal motion variables and can be used
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for the longitudinal dynamic model of the aerostat. An optimization of the aerostat
geometry for improving the dynamic stability can be considered as a future direction
of this study.
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