Hydrogene balloon with sail and drag rope Sida 1 (17)

fasinerring Erik Kullberg 2009-06-18
Contents

F e 0] 1 ¢ 11 PSPPSRt 2
1. The fOrCe EqUALION. ......eeiuiiiiieeiiieiie et ettt ettt ettt et eeteesateesbeessaeeseesnseenbeessseenseens 3
1.1 Total force, acting 0N VEIICIE, ......ceevviiiiiiiiiie e e 3
1.2 Wind and relative WInd” ........cccooiiiiiiiiiieieeeee et 3
1.3 Aerodynamic force due to SAIl, .....cc.eeeviiieiiieeiiieeieeee e 3
1.4 Force due to drag rope friCtion, .......ccccveeiuieiieeiiienie ettt seee e 3
1.5 Aerodynamic force on vehicle exept Sail, ......ccceeeveeeiiieeiiiiiiiiccee e 4
1.6 ACTOSTALIC TOTCE, vvvveveiiiiiiiiieecteeeeee ettt ettt e e e e e et e e e e e e s s e s sataaeeeeeeeeeas 4
1.7 The transformation MAIIX ........cc.eeeeuieeriiieeiiiieeiieeeiteeereeeeieeesteeesaeeessreeensaeeensseeeseeens 5
LR T\ £ T TR 5
1.9 Gravitation FOICE, ....ccoovvveeiiiiei ittt e e e e e e et e e e e e e e e enartaeeeeeeeas 5

2. The MOMENT EQUATION. .....eeutieriieetieeiieeteeeteetteeiteeteestteebeesaeeenbeessaessseesseesnseenseeenseenseesnseenses 6
2.1 Problem formulation...........cceeeciiiiiiieiie et e 6
2.2 TNttt ettt ettt et e e b e e ateeab e e aeeeabeesseeenseessbeenseenseesnseennteenseannnas 7
P T 1071 1 2SR SSRPRRRRI 8
RN (0 I 1 PSSP 10
4. Symbols and defINItIONS. .......eeecuiieiiieeeiie et e e s e e sbee e saeeennnee s 11
5 RETEIENICES. ...ttt ettt e et e et e et e et eenbe e beesabeeaee e 13
6. ACKNOWIEAZEIMENL.........eiiiiiiiiiiiiciie ettt e e e e e ssaeeeaveeesaeeensaeennns 13
7. Appendix 1: Aerodynamic damping of a slowly rotating sphere..........c..ccoceeverveniennennn 14

8. Appendix 2: Algorithms for balloon drag rope.........cccceeveeeviiiiniieeniieecee e 17



i Hydrogene balloon with sail and drag rope Sida 2 (17)
Follherg

Engincering Erik Kullberg 2009-06-18

Abstract

In this paper the basic theory for a big hydrogene balloon with sails - Andrées polar balloon,
the “Ornen”" — is lined out.

The force equation for the “Ornen” is derived in chapter 1, detailed enough to make a
foundation for a simulation program®.

The vertical component of this equation and its physical application is by no means trivial, but
it is its horisontal components that have caused confusion, debate and controverses. It seems
impossible to deviate from the wind direction with a vehicle that drifts with the wind and that
is of course quite right. For a balloon that drifts with a constant wind, no relative wind

(V) can be felt on the balloon. In other words: Ground speed (V) = Wind speed (Vw) so Va
= Vw - Vg =0. Then a sail would hang loose, regardless of wind speed - the balloon travels in
the wind direction with Vg=Vy, .

Now suppose that we hang down a rope that drags on the ground. The balloon will then be
braked to a lower Vi, which means that we will get some V4. Then we get wind in the sail
and then the sail produces a force. Now — by rotating the balloon (and thereby the sail) around
its vertical axis, we can make the sail force to deviate from the wind direction. Then the total
force on the balloon deviates from the wind direction and drives the whole vehicle in that new
direction. The balloon accelerates until the sail force plus air force on the balloon+rig just
balances the drag rope force.

An absolute condition for the generation of this side force is that the vehicle can be rotated in
order to get the sails in the wanted angle relative to the wind and that it can be kept there.
This rotation is achieved by moving the fastening point of the drag rope along the periphery
of the basket. The big question now is "will the moment from the drag rope balance the
moment from the sail force so that we can keep the sail at the wanted angle relative to the
wind"? This question cannot be answered simply by reasoning - it requires some
mathematical analysis, involving the geometry of the device, see chapter 2 below.

Like any other mathematical analysis of a physics problem, it rests on a simplified picture of
the physical system. In this case the most daring simplifications are

a) the aerodynamics of the sail is not deteriorated by the presence of the balloon

b) the vehicle is a rigid body.

Taken resonable uncertainties into account, the analysis still shows that it is possible to keep
the balloon rotated to an angle within a certain envelope by use of the drag rope.

The simulation rests on the assumption that the vehicle is moment wise stable and trimmable.
In chapter 2 it is shown that this condition is/was fulfilled in what can be assumed to be the
intended flight envelope.

' Swedish for “The Eagle”
2 www.kueng.se/Balloon-H2/


http://www.kueng.se/Balloon-H2/index.php
http://www.kueng.se/Balloon-H2/index.php
http://www.kueng.se/Balloon-H2/index.php
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1. The force equation

1.1 Total force, acting on vehicle, £

=E
=E d(rBE.mlot)

Eot = T = 7_'1;; Dmtot * FB‘Z Dmtat = FB‘Z Dmtot

where

EFmEt = Fot Fo ot Fot Fpo.t FS (see the sections below)

Hm _ deBO+ (Lmz_ Lrug)/‘mpe+ pGVGH - dng/\ . 0p, S ) p
- tot dr dr e 57}25 :BEY G feldre:

The indicated approximation is good — the term FB‘Z Um,, is neglectable for all practical cases.

The different parts that build up the force F,ft are derived below.

1.2 Wind and "relative wind”

vl ( v, 0 0)' speed of air (A) (= wind speed) relative to ground (E), expressed in §,.
Vg = Pt =T speed of air (A) relative to vehicle (B), "relative wind".

1.3 Aerodynamic force due to sail, 7,

The horizontal component of the lift” force from the sail is perpendicular to 7, - it has the
direction * norm(7,, X ,), where the sign shall be plus for sail to the left and minus for sail to
the right. The vertical component (due to inclination of the sail) has the direction Z; .

The drag from the sail has the direction norm( 7ip ).

Thereof

F;fil =1, quSwf'nOHn(’Z@ X Zy)+ C, (25 + Ch 4.5, enorm(7,)
and, since M, = E

Fo=tC, q,S,snom(r,x )+ C, [Ej+ C, g8, norm(r,)

Aero data for ¢ = 90° and ¢ = £60°, see Diagram 3.1, are used in the simulation model.

1.4 Force due to drag rope friction, Ef,,e

Note: This is about that part of the force that comes from the friction — the mass of the free
rope is included in 7, see section 1.8 below.

The horisontal component of the force from the drag rope is counter directed to the ground
speed of the balloon — its direction is ( - )?T) . The vertical component has the direction Z.
Thereof

F:‘fﬁe =T Lrog/‘ ropegll [(]\41‘7)%;w + tg(f ) ng)
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where ¢ is the angle between the horizontal plane and the straight line that connects the ends
of the freely hanging part of the rope, see appendix 2.

1.5 Aerodynamic force on vehicle exept sail, F,,

The direction of the air drag is norm( " ).

Thereof

Flyn = €4S, Dnorm(v)

where the relation M ,, = E has been used.

Note: Here, as for the sail force above, the interference between balloon and sail is neglected.

1.6 Aerostatic force, 7.,

The aerostatic force — the float force — is calculated as the weight of the displaced air mass.
It’s direction is(~ Z;)

Consequently:
FAitat =-pVsglz,

The density p ,, as well as static pressure P, and temperature 7, of ambient air is determined

as a function of altitude from a standard atmosphere’.
P
The equation of state for an ideal gas says p_R =T. Assuming T; = T, gives®
P A - PG

pARA pGRG
A safety valve keeps P, < F; < P, + AF,, by letting out gas when needed:

A
AP, = “MeT R
G max
“Book-keeping” of the remaining mass of contained gas makes it possible to determine the
gas volume, needed in eq :
Ve=mgpg
where 0 is determined by eq .

Most of the flight time V; < V0 0 F; = P,. Then eq is reduced to

- R,
P PARG

? U.S.Standard Atmosphere 1962, see an application in http://www.kueng.se/Atmos/

* The “excuse” for this simplification is that calculations show that a moderate temperature difference (74-7¢)
has very little — if any - influence on control and flying qualities of the balloon and therefore can be excluded in
a dynamic model of the vehicle. Seen from other aspects (like endurance) it does matter, though:

The lift change due to temperature difference (7;; > T, ) at H < 1000 can be calculated to ca + 15[ N/ °C].
This means that if 7 is increased by 1["C] (with F}; = P, and T, = constant), the lift force is increased by ca
15[N] (due to loss of gas at constant volume). Sunshine from a clear sky could cause 7 to rise 20[ °C] in 40

minutes (see ref. 2), which means a considerable lift increase (300[ N ]) at the cost of ditto gas loss (30[kg]).
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1.7 The transformation matrix M,

M, is needed for calculation of F. | see above. It can be established as

rope >
M,, = (fcf Py éf)' Note the transpose!
where

037 = norm(ry)

047 = 4

Onag _ A, aE
0Vr = Zg* Xp

1.8 Mass, m,,

m,, = myt mg [

where H

My = Mgyt (L~ Ly e

mg = PV ]

1.9 Gravitation force, F,

E - —E
F; = m,8

g
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2. The moment equation

2.1 Problem formulation

|

F n=y—Wsr

Figure 2.1.1

With conventional sign rules, the stability criterion is formulated as

HStatic yaw stability 0 C>_ > 0
0
qDynamic yaw stability 0 C2. > 0

mz

The system is trimmable if C,_ = 0 can be achieved and maintained (possibly as

center value of an oscillation).

Due to the symmetry with respect to the X;Z; -plane, only wind from the right side (

90° < ¢ < 0°) is delt with.

It will be shown that the device is trimmable and stable for all relevant angles of atack.

The moment in Z, direction:
M._=-T0b+ Nla- F, Orsiny + M+ M

z

M. =1W5, =~ 1.0

zBE

zd

]
0
0

where
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0
0
N=g¢q,0S , DC i
T = qA DSsall DC %
0
F.* 0S i E(CDh o C ” siny g + CN cosy BT) 0
[
A g ) 0 C, 0o
Force eq. in y, direction gives { ,, = arctan H arctanﬁ el ED
Cr.., D
M., = f(szE , VAB) , see appendix 1. H
The moment in normalized shape:
sz = CTW,, Di-l- CN;m‘t DL_ CFrope DLSiny * szO t szd%
sail sail sail
where %
CFrope = CDballoon CTsazl [blnw BT + Nsail DCOSW BT %
g
2.2 Trim
Trim in this case means C,, = 0 and 05, = 0 (D M, = 0) )
This gives
0=-C, i Cy 0y, msing + G,y + G,
sail csail sail
O 0 o0
ytrim = arCSIH DD C DL-I- C D_+ szO * szd D[DCFrope DLD D
HD cSllll Csall D D Csail D E

The angle /' is referred to the flight path direction X; . It seems more practical to use the angle

T, which is referred to the body axis Xp:

r]m’m = ytrim - w BT

N is the angular displacement of the rope, needed to rotate the balloon to get the trim value
a =0a,, (from sails hanging symmetrically up front, ¢ = 90°).

N trim = f(a ) and V., = f(a ) can be seen in Diagram 1.
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2.3 Stability
_ b a ro.
sz - - CT D_ t CN ) D_ - CFrope D_Slny * szO * szd
“ csail ! sail sail

Derivation with respect to @ :

sza - _CTa i Di.l- CNa DL-LDa_(CF/*opeDSiny) %
! sail ! csail csail a a E

where i
[

%( CFrope [blny ) = ( CTa sail Sinw BT * CNCJ sail Cosw BT) [Blny - CFrope DCOSV E

The period time and damping can be calculated from

aMzdam . ..
Cma D’ an D‘Siref Dcref * a—pm =" ]z D]
2 2 W

¥4

hZ = C an DS)‘ef &'ref
ma I

z

a‘]\4zdamp .
For ———, see appendix 1.
dw.
0
Q20+ h0 =0 ]
IM
q - zdamp D 1 %
0w B 2[2 i
i
0
i

From the solution of we get the damped period time and the time to half amplitude:

-0.5

T, = 2n[(h2— qZ)

]'l'/z:ln_z

q

Diagram 2.3.1 shows stability and trim data, calculated by use of data in Diagram 2.4.1.
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* gpannafalfa} Huydrogene balloon
E Eta(iy‘?)“‘ © Andrées “Ornen”
o ng?t’ﬂg)a 2 Stability and trin
+ TGA{VAB}
T T98{YAB} 08
% T_half{VYAB} o
i7]
e
- 8.2 208 o
= 2
|
210 188
1]
™
=
e I 308 =
i7]
e
25
= 2
- £
a 2808 =
1]
= k
: 3
m-. =28 1 188 e
£ Notel 12 Txx means dampediperiod tike atlalpha = =xx* .
£ - : ; o
T Mote 2@ Crzalfa iz herralized total worest b
. . . . | . . . o =
a 28 48 60 8@ a a2 4 6
alfa [°1 VOB [nEfmIullbers 2006-11-16 19:51:20

Diagram 2.3.1

The C,, (a ) -curve shows that we have static yaw stability for a > 25°.

The yaw damping, here expressed as 7' (time to half amplitude) was calculated using the

result in appendix 1.
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3. Aero data

Diagram 3.1 shows (C, C, tc a)= f(0), where a is defined in fig. 2.1.1. Data are
symmetrical around ¢ = 90° (= sail up front).

Hudrogene balloon * CH{alfa}
Andrées "0Ornen” $ E}'(i%f?)
F alalfa
Aerodata for sails A tetalfad
=
[
E
I
- 5
5 fall
[
%]
o +
[ | [ |
— -
e e
= =
2 ]
Hoted Gml=0
I T T T T T T T T 1
a 18 28 3B 44 bl 68 Fa g8 948
alfa ["] Erik Kullbera 2006-10-25 22:01:1d
Diagram 3.1

The influence from the balloon on the sails has not been taken into account — the sails are
supposed to work in undisturbed air.

The sail is inclined an angle k = 35.4° relative to the vertical, see fig. to the
right. The aero data in Diagram 2.4.1 are expressed in a system where the /
xz-plane coincides with the sail plane. Let’s transform to a system with
horizontal/vertical axis:

C,=Cy
C, = Cy Dcosk /
C, = C” Tsink

where upper index D marks data from Diagram 3.1.

In some cases — like section 1.4 above — the aerodynamic coefficients are wanted in wind
oriented system instead of body oriented. The transformation is:

0C,,;0 Ocosa sina J0OC, O

sail = _

%CLSIHJ D_ E_ Sina cosa EHCN%
C. is not affected by this transformation: C.,;, = C

Z .
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4. Symbols and definitions
iz
"S‘??
‘%..\I
£y Zz¥
7 _;-'_,1 ER"
2,
L |
Figure 1.1.1
General:

All coordinate systems are orthogonal right hand systems, all vectors are column vectors.
S, is a coordinate system with origin in 7, and axis directions X,, J, and Z,.

A o e
S, means “axis directions of Sy > or the matrix ]V, .

121
7,5 1s to be read ”r dash, A relative B, in C” and interpreted as “’position vector for (point) A
relative (point) B, expressed in (system) S¢”.
M, is a transformation matrix. Its index order defines the transformation direction in the

: =0 _ —R
following manner: =M orlp

Arend specific symbols and definitions:
S 1s earth fixed regarding origo position 7, and axis directions.

S, 1s vehicle fixed, 7;, is position of the vehicles center of gravity.

S, 1s air fixed, 7, is position of an air molecule A4.
S’B = §E = §A 0 My =M, =E (E isunit matrix)
07 = 7 - 7, = 0 (Inthe figure 77, # 0 for clarity)

S, 1s vehicle fixed,[jZ, = Z
0.

0Xr

p , ... density of ambient air

B

normi(7,,)

p ... density of in the balloon contained gas
P, ... static pressure of ambient air
P, ... static pressure of in the balloon contained gas

A B, pressure differens, AP, = F, - P,
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i ... friction coefficient for rope on ground (gravel, water, ice etc)
q ... dynamic pressure of the vehicle, g = %"FB ” ‘2
T, ... Absolute temperature of ambient air
T, ... Absolute temperature of enclosed gas
R, ... Gas constant for air
R; ... Gas constant for the enclosed gas
C,, ... drag coefficient of vehicle exept sail (assumed independent of

relative wind direction)

C, ... Horizontal component of "lift"-coefficient of the sail.
C,, ... drag coefficient of the sail.
C,.. - Vertical component of "lift"-coefficient of the sail.
V., ... wind speed (relative ground), same as V
L, ... length of rope on ground
L. ... length of rope outside the basket
L, .. totalrope length
my, ... mass of vehicle, excluding rope and contained gas.
mg ... mass of in the balloon contained gas
m, ... mass of vehicle including airborne rope, excluding contained gas.

. - total mass of vehicle, m,, = m, + m,

rope -+~ Mass per length unit for drag rope
g  ...earthacceleration, g = (0 0 9.81)'
V. ... volume of contained gas
£ .. angle between rope and ground plane, the rope assumed straight.
fc ... pressure center position
Ve = 7y Velocity of balloon rel. to earth
V. 7,; Velocity of air rel. to balloon,
V.. 2 7, Velocity of air rel. to earth

. angle of attack for sail

. ... moment of inertia around z, axis (for the whole vehicle, regarded as a rigid body)

s --- culer yaw angle § for S, rel. to S,

d

1

Ya

a
I
® 5 - the z component of the angular velocity @,
v
T

.. damped period time

.. time to half amplitude
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7. Appendix 1: Aerodynamic damping of a slowly rotating
sphere

The aerodynamic damping of the yaw oscillation of a spheric balloon will be derived below.
The damping moment is supposed to come from friction between balloon skin and air. In
reality also the friction on the inside (skin/gas) and the cross motion of the drag rope
contribute, but here only the outer skin friction part will be analyzed.

The solution is purely geometric — it does not take pressure distribution into account. This
would not be an acceptable method for an object in high relative wind, rotating with high
angular rate — like a golf ball — but it is deemed acceptable for the normally very slow rotation
and low relative winds of a manned balloon.

Assume the balloon to be a sphere, see figure to the
right.
S, is rotating relative S, with the angular velocity @, .

The vector 7 = 7y [( cosA cosjl cosh siny - sinl ) ; T ;_ ;_:_’_/
defines a sphere that coincides with the balloon, but does = " “ | Vs
not rotate. gl [l A

_— ; rill'.
The wind in the point 7, is built up by two components - .

one caused by the rotation @, of the balloon and one

caused by the relative wind V. Z;;

The undisturbed relative wind velocity 7, causes a local wind in 7, close to the balloon

A

surface, that is perpendicular to 7»;, and lies in the 7, X, -plane’. Its direction is ;AU = -Xp.

The direction X, is defined by

0xY yPXZPD
SU-DA - X UD
P‘DyP‘ZP Xu [0
Hég:_ngH

The airspeed at the point 7, is derived from the position of an air molecule relative to Sp:
=U - U =U _ —B =U
Tpg = Tpp t Ty = Myl + 7,
=U - 7, —B =B =U
Tpg = Myglpp + Mty + 7y

B —U

- _p o _
MUBrPB - MUBwBU PB ~ wBUx Tpp

U(=U N
rBA(rPB)~ VAUXP

=y
Tog = 0oy X T = Viu %y

0

F—— ]

M T = rBP =0 %
0

The friction force between balloon shell and air due to relative wind in point 7, can now be
written as

The influence from the basket and the support ropes is neglected; the flow is assumed to be rotational symmetric
around )ACU . Furthermore — the streamline pattern is supposed to be symmetrical with respct to the )A/U 2U -plane.
These deviations from reality can to some extent be compensated for in the choice of friction coefficient value.
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ai? = . 2L ) iy 02, tnorm |7
P T “F > H Urpy Lnorm| 1p,
The moment in 7, due to dF, is
U _ —U U
dM,, = 7, x dF,
The total moment due to friction:
2
U _ P¥oy ¢r|=ul? U
M, =C, DT” rPA‘ Dnorm(rPA)d/\ 0du
This was calculated numerically and it’s z-component was tabelled (for M 2 0) as
Mztab = f( wz VAU)
This tabelled function is plotted below, using Cy. = 1, p = 1.225[kg/m’], 7,,, = 10[m].
™
=
5
Hydrogene balloon + HzB8{Vu}
g Andrées “Ornen™ é :23%:?!;
E Danping nonent, CF=1 & HEBSW:}
& Hzpda{Yw)
'Q'.. LT + Hzﬂﬁ('l.l'u}
o
)
E
‘Y.; 200600+
L=}
]
=
. 150608+
)
o
)
E
. 18808
Lo
o
M
E  seee -
o
S
)
E a - LF 1 }
Hzxx iz dameing moment Hz at wz=wxleos]
The corplete damping momenti Hzdamp=-sianluwz ' ¥Hzxx¥CF.
I T T T T T T 1
a 1 2 3 4 9 6 7
Yw [mssl Erik Kullbera 2006-11-06 09141:02

The complete damping moment is calculated as
M, = -sign(a)z)DM 0C,

where M _,, is the interpolated value from the tabelled function.

zdamp ztab

Simulations show that 0.005< C, < 0.01 give reasonable results. This is then supposed to

include all the different damping effects on the balloon.

Note: The diagram above shows that M _,,, is very close to linear in both

following can be extracted:
M., =0 |03+1007,)00*

and consequently

wZ

and V. The
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M, =-0.C.(3+100/,) 00

zdamp -
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8. Appendix 2: Algorithms for balloon drag rope

Calculation of ng
0 2 2 %0
-H|2z2[Qy+tuH-HH (14 +2uyH
(y-H)2z ey Q> (14 )+ 2p yH T y

where H is friction coefficient.
Ref.: Faxén, "Mechanics, Statics”, Problem 26.15.

Case 1: “Balloon not moving, wind = 0.
z=y-HU x=0
The rope length z is in this case supposed to be curled up right below the balloon.
Case 2: “Balloon not moving, wind > 0.
1
2= o H - DR (14 2) ¢ 2p ol

ﬁﬁ;em = Z(uZ)IJZ

D ~

D aero EcAdyn

l , and thereby z is determined by iteration
The rope length is stretched out to windward.

Case 3: “Balloon moving”.
1
z= y+ pH-JH? (14 )+ 2uyHHA
The rope length is stretched out to windward, or - in other words — the rope is dragged behind.

Calculation of ¢
Case 1: £ =90/57.3

o H
Case 2 and 3: ¢ = arcsin(———)

rout rog
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