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SUMMARY

The responses of kite anemometers and tethersonde balloons to the dynamics
of the wind are investigated in this study. A three-phase effort of theoret-
ical development, experimental measurement, and comparison of data and theory
was undertaken to provide further understanding of how a kite or bailloon
responds to atmospheric turbulence. Understanding the effect on wind velocity
measurements obtained using these instruments is important to their use in,
for example, identifying optimum wind turbine sites.

The theoretical development included 1) an extension of double theodoliite
theory, to provide a mechanism for calculating instrument displacement, and
2) linear small perturbation analysis of the effect of atmospheric turbulence
on kite or balloon motion. The results of the small perturbation analyses
were response equations that analyze the movement of the kite or balloon as a
function of the mean elevation angle of the kite or balloon and turbulence
parameters of the wind. The response equations provide the ratio of the
fluctuating string tension to the mean string tension (for the kite) and the
fluctuating elevation angle for the kite and balloon.

In the experimental phase, kite and balloon anemometers were flown at
the Goodnoe Hills wind turbine site. In addition to the wind data measured
by the airborne anemometers, a nearby meteorological tower recorded wind
direction and speed. Two 8-mm cameras simultaneously recorded the position
of the kite or balloon. The film records were digitized; these digital data
provide a measure of kite or balloon displacement. The meteorological data
recorded by the airborne and tower anemometers and the digitized data were
next compared with the theoretical equations. The comparison of experimental
data and theoretical expectations was a valuable one. The experimental data
and the response equations for the kite did not correlate; the kite moved in
an unpredictable path throughout the period of record and thus the fluctuating
tension in the kite string and the fluctuating kite elevation angle could not
be used to measure the atmospheric turbulence. The vortex shedding effect on
the bluff-body-shaped kite is suspected of causing the erratic motion of the
kite. The response equations and the linear small perturbation analysis were
not able to describe the vortex-shedding effect.
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The motion of the tethersonde balloon was successfully predicted by the
perturbation analysis. The cup anemometer suspended below the balioon was
not successful in measuring the atmospheric wind; however, the fact that the
balloon motion could be successfully predicted by theory is an important step
in increasing knowledge about the effect of atmospheric turbulence on balloon
anemometers.
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1.0 INTRODUCTION

Tethered balloon and kite anemometers have been used to measure wind
velocity and turbulence in the pianetary boundary layer and wind turbine envi-
ronments. The utility and application of such anemometers have been described
in reports by, for example, Shieh and Frost (1980); Huang, Shieh, and Frost
(1981); Baker, Whitney, and Hewsin (1979); Kirchhoff and Kaminskey (1983);
Daniels (1984); Kunkel (1981); and Knowles and Spilhaus (1953).(a) In some
cases, balloon and kite anemometer measurements have provided useful informa-
tion about the wind environment. However, the usefulness of these measurements
may be limited by fundamental questions about the response of these instrument
systems to the dynamics of the wind field. This study attempted to quantify
the response of a kite and a balloon to the combined mean wind flow, U, and
the three-dimensional turbulent wind field, u,v,w.

The study reported here was a three-phase effort of 1) theoretical esti-
mation of instrument response to turbulence, 2) data acquisition during actual
kite and balloon anemometer flights, and 3) analysis of experimental data and
comparison of data with the theories developed. The theoretical analysis of
kite and balloon response took two forms. First, an extension of double
theodolite theory, used in surveying, was developed specifically for analyzing
kite and bailoon motion. Second, the response of the kite or balloon was
also mathematically predicted by performing linear small perturbation analyses
of the effects of atmospheric turbulence on kite or balloon motion. The
parameters used in estimating turbulence for the kite were the fluctuating
tension, t', in the tether as well as the fluctuating motion of the kite
itself; for the balloon, the response equation is developed for the fluctuating
elevation angle, @', as a function of U, u, v, and w, and the aerodynamic
forces acting on the balloon itself. For both the kite and balloon, steady-
state and dynamic analyses are performed.

The experimental program was designed to measure the dynamic motion of
the kite and the balloon, the kite's fluctuating tension, t', the fluctuating
elevation angles, #, of the kite and the balloon, and the three-dimensional

(a) Descriptions of the features and applications of kite and balloon
anemometers are given here in Appendices A and B.
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turbu1ent field at an adjacent meteorological tower. These measurements pro-
vided values for the dimensionless coefficients developed in the analysis of
the kite and the balloon's response equations to turbulence. Kite and balloon
flights were performed by Pacific Northwest Laboatory (PNL) personnel at the
MOD-2 wind turbine site at Goodnoe Hills, Washington. Instruments on a 360-ft
meteorological tower at the site provided free-stream meteorological data for
comparison with the wind speed and direction measured by the kite and balloon.
While wind measurements from the PNL tower and the kite and balloon anemometer
systems were being collected, two 8-mm cameras simultaneously filmed the kite
and the balloon in motion as they responded to the turbulent wind field. The
films were digitized at the University Computing Center (UCC) at the University
of Massachusetts at Amherst. Then, the extended double theodolite theory was
used to analyze the film record and calculate the kite's and the balloon's
displacement in the X, Y, and Z directions. These displacement data and
velocity data were spectrally analyzed. In the final sections of the report,
the kite and balloon response equations are compared with the experimentally
observed motion.

As an additional investigation of the usefulness of kite and balloon
anemometers, a computerized literature search of the Engineering Index using
the Dialog Information Service was performed. The key words in the search were
anemometer, kite, tethersonde, 1ifting anemometer, TALA, and balloon. Three
files of Dialog were searched: FLUIDEX, DOE ENERGY, and MET/GEQASTRO. All
references potentially relevant to this study are listed in Appendix C.
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The two films taken at 14:20 (Run 2) were reexamined from Cameras A and
B separately to see whether the frequencies observed from the balloon displace-
ments X(t), Y(t), and Z(t) were substantiated by estimating the frequency
from the film. The periods of each trip (balloon travel back and forth once)
were recorded and the average time over all the trips was calculated for each
film (Table 6.6).

The averages of 14,3587 s and 14.436 s were obtained after doing the
above exercises. A frequency of 0.07 Hz was then calculated from the time
averages; it agrees with the peak frequency of the spectral analysis results
of the time series X(t).

The unexpected higher frequency peak, 0.18 Hz, of the balloon velocity
was thought to be caused by the combining of the X(t), Y(t), and Z({t) peaks
in Equation (5.4). As seen in Figures 6.9 through 6.14 and the mean and
standard deviation of the X(t), Y(t), and Z(t) in Table 6.3, the strong domi-
nant motion in X direction is greater than the motion in the mean flow direc-
tion, Y(t). This matter is discussed in the conclusion, Section 6.3,

TABLE 6.6. Durations of Average Time for a Balloon Trip

Camera A Camera B

Trip No. Time, s Trip No. Time, s
1 10.33 1 10.44
2 15.05 2 16.72
3 12.78 3 13.11
4 16.72 4 11.38
5 14.22 5 12.11
) 12.28 6 17.33
7 12.83 7 12.67
8 12.06 8 10.66
9 16.22 9 12.61
10 12.67 10 19.56
11 16.89 11 13.56
12 24.83 12 22.33
13 9.78 13 15.17
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The motion of the balloon is now compared with the theory developed in
Chapter 4. As in Figure 4.3a, the angle of attack (a) and the vertical tur-
bulence parameter (v) were assumed to be zero. Equation (4.15) was introduced
as the response equation of the balloon under those conditions.

u
2 2u
sec 91(1 + U_)

In Figure 4.3b, an angle of attack and a vertical turbulence parameter,
v, were included, yielding Equation (4.20).

e - o)) - (B2 - 2 o))

C C C *
tang, -9:@ 4 seclg, - —L:8)(; 4 g! s i@ o 2 (¥
1 Cd 1 Cd U Cd 1\U

8] = . (4.15)

8 =

(4.20)

In this analysis, Equations (4.15) and (4.20) are called the simple and
the complex equations, respectively; for convenience they are Equations (4.15)
and (5.3).

Because the length of the tetherline of the balloon is known and the
fluctuating elevation angle could be calculated from Equations (4.15) or
(4.20}, then the displacement can be determined as the length of the tether
multiplied by the fluctuating elevation angle in radians.

Values for C3, Cd, C1,a, and Cd,q were obtained from Lang (1948); they
are 0.0598, 0.0363, 0.4383, and 0.0845, respectively. The length of the tether
and the mean elevation angle were given by PNL as 15.48 m and 88°.

The balloon displacement results calculated from Equations (4.15) and
(4.20) are listed in Table 6.7. The balloon displacement results obtained by
the simple theory and the complex theory are compared with the displacement
calculated from the digitized balloon data. Tables 6.3 and 6.4 showed that
the balloon's fluctuating displacement in the mean flow direction, Y, is equal
to 0.1334 m, very close to the balloon fluctuating displacement calculated

6.16



TABLE 6.7. Balloon Displacement Calculated by the Simple
and Complex Balloon Theories

Displacement, m
Simple Theory 0.14
Complex Theory 0.14

from the theory (0.14 m). The excellent agreement supports the fact that both
the simple and the complex theory are capable of predicting the balloon's
fluctuating motion in a turbulent wind field.

6.3 CONCLUSIONS

Displacement results of the simple and complex theories of balloon
movement presented in Chapter 4 are very close. These theoretical results
generally agree with the experimental result. Despite the unexpected high-
frequency peak one sees in Figures 6.9 through 6.14 and the huge displacement
in the lateral direction in Table 6.3, which are believed to be caused by the
combination of the three X, Y, and Z peaks and the wind effect on the side of
the balloon, respectively, the small perturbation analysis of the balloon
response to turbulence works quite well on a aerodynamically shaped balloon.
The agreement between theoretical and experimental balloon displacement results
substantiated the result obtained by the extended double theodolite theory.
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APPENDIX A

FEATURES AND APPLICATIONS OF THE TALA KITE

The Tethered Aerodynamically Lifting Anemometer (TALA)® is a recently
patented anemometer. Wind speed is measured as a function of the tension on
the tether line of an airfoil or kite. The TALA models in production are
hand-held instruments, and the accessory data acquisition system is a highly
portable electronic version that records speed, direction, and altitude infor-
mation. The data acquisition system requires an operator.

It is possible for a single technician to record wind speed, direction,
and altitude information up to 250 m above ground level. Data are visually
read and dictated into a portable tape recorder. A recording strain gauge in
the handie of the TALA model records speed information only.

Many wind measurement applications exist. Perijodic profiles at low-level
anemometer sites yield statistical data for calculating upper winds. Environ-
mental impact statements for proposed construction sites can economically
include information on planetary boundary layers and transport winds. Site
evaluation for wind power research is facilitated. Applications possible
using multiple field units include: generation of vertical profiles of par-
ticular geographic areas; production of visual wind vectors; and mapping of
wind vectors in the vicinity of buildings and terrain.

®Approach Fish, Inc., Clifton Forge, Virginia.
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APPENDIX B

FEATURES AND APPLICATIONS OF THE TETHERSONDE BALLOON

The TS-1BR-X balloon was developed specifically to serve as a vehicle
for the TS-1A Tethersonde™ tethered balloon sounding system. It has years of
proven field research in every part of the world.

The balloon is fabricated with 1.5 mil (0.038 mm)} urethane plastic. The
payload-to-volume ratio is about four times that attained with tethered bal-
loons of conventional material. The Tight, strong construction of the balloon
results in fewer handling problems in turbulent launch and recovery situations,
and reduces the volume of helium or hydrogen required for inflating. The
balloon is designed to automatically compensate for the change in external
pressure with normal ascent. The unique internal stretch cord and expansion
stinger allow the balloon to maintain its aerodynamic shape and present a Tow
drag coefficient at any rated altitude and wind load.

The inflation tube is mounted in the nose of the balloon. This allows
an operator to inflate and deflate the balloon while controlling the tether
point in the prevailing wind, a decided advantage for one-person operation in
gusty turbuient winds.

The TS5-1BR-X can operate in a wide temperature range. It can be flown
as high as 1.5 km. The mass of the balloon ranges from 1 to 2 kg.

Potential applications of the tethersonde include:
portable meteorological tower

air pollution sensor platform

radar target platform

point source (stack) aerosol simulation

boundary layer research.
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APPENDIX D

PROGRAM FINDLO LISTING

000IOC***i****i*ii*i*i**i*i***ii*i*i*i**i*i*i****i*i**i**i*i**i*********

00020C*  THIS PROGRAM READS TWQ SETS OF THE DIGITIZED KITE OR *
00030C*  BALLOON DATA. EXTENDED DOUBLE THEQDOLITE THEORY IS *
00040C* EMPLOYED TO CALCULATE KITE OR BALLOON'S DISPLACEMENTS *
00050C* IN X, Y, Z COORDINATES FOR EVERY TIME STEPS THROUGHOUT *
00060C*  THE WHOLE TIME SERIES. *

00070c***i******i*********t****i*i********************i*i***************

00080C

00090 PROGRAM FINDLO(INPUT, OUTPUT, TAPE99, TAPE98, TAPES511, TAPES12,
00100+TAPE513)

00110C

() 1 204 e e s e e e ke e e el ek ok Ak ek
00130C* TAPE99 AND TAPE98 ARE THE TWO INPUT DATA FILES AND TAPE 511 *
00140C* THROUGH TAPE 513 ARE THE QUTPUT DATA FILES FOR X, Y, £ *
00150C* RESPECTIVELY.

001G 0C e ek ke ek ke e e e ek e e ek ek ek ke ek ke ke ek
00170C

00180 REAL X({0:3600), Y{0:3600), Z(0:3600)

00190 Xx(0)=0.0

00200 Y(0)=0.0

00210 Z(0)=0.0

00220C

00230C******i**i*i****i**********************************i************i**

0.1



00240C*  INITIAL ELEVATION AND AZIMUTH ANGLES AT THE TWO OBSERVING *
00250C*  POINTS AND THE DISTANCE BETWEEN THE TWO POINTS ARE *
00260C*  BEING READ HERE.

(027 (e ek ke ek ke e o s sk ek e kol s ok ok sk s b ek ke ks kb o ek ke
00280C

00290 PRINT*,'INPUT ELEVATION AND AZIMUTH ANGLES'

00300 PRINT*,'THI1, THI2, THETAA, THETAB'

00320 PI=3.1415926

00330 THETA1=THETAA*2*PI1/360

00340 THETA2=THETAB*2*PI/360

00360 THI1=THIA*2*PI/360

00370 THI2=THIB*2*PI/360

00380 PRINT*,'INPUT DISTANCE BETWEEN THE TWO OBSERVE POINTS’

00390 READ*,L

00400C

(OG L (C ek bk ke ek b e b sk ek e o oo ok koo b e ke e ek e
00420C* INITIAL KITE OR BALLOON POSITION IN X, Y, Z COORDINATES ARE *
00430C* CALCULATED ACCORDING TO THE DOUBLE THEODOLITE THEORY AS *
00440C* AG, GOP, OOP RESPECTIVELY (SEE FIGURE 2). DISTANCE BETWEEN *
00450C* OTHER POINTS IN FIGURE 2 ARE ALSO CALCULATED. *
QOAEOC ke ke e ke e ok kb e eIk A A o o e e
00470C

00480 AG=L/(1+TAN(THETA1)/TAN{THETA2))

00490 00P=L*SIN(THETA2)*TAN(THI1)/SIN(PI-THETA1-THETA2)
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00500 GOP=L*SIN(THETA2)*SIN{THETA1)/SIN{PI-THETA1-THETA2)
00510 AOP={AG**2+GOP**2)**0.5

00520 A0={AOP**2+0QP**2)**(.5

00530 GB=L-AG

00540 BOP=(GB**2+GOP**2)**(0.5

00550 BO=(00P**2+BOP**2)**0.5

00560 GO=(A0**2-AG**2)**0.5

00570 OMEGA1=ATAN{GO/AG)

00580 OMEGA2=ATAN(GO/GB)

00590C

OOSOOC*'l'*'l'****i****i*i**i‘*i*'l'****i*'l'*'l'*'l'*'l'**i*i*i‘*i**t******i*i**i*******

00610C*  ANGLE C BETWEEN X" AND X' IS CALCULATED *
Q0BT ¥¥ ek ok ke e ke ek e 3 ko W o
00630C

00640 AOB=PI~OMEGA1-OMEGA2

00650 IF(AOB.LT.(PI1/2)) THEN

00660 C=OMEGA1+OMEGA2-P1/2

00670 ELSE IF(AOB.GT.(PI1/2}) THEN
00680 C=PI1/2-0MEGA1-OMEGA2
00690 ELSE

00700 €=0.0

00710 ENDIF

00720 ENDIF
00730 PRINT*,'INPUT THE FOCAL LENGTH FL'
00740 READ*,FL
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00750 FACT1=0.0262*{A0-FL)/(23*39.37*FL)

00760 FACT2=0.0262*(BO-FL)/(23*39.37*FL)

00770C

OO 7RO CA 3k ke el e bk e o e ek ke e otk ok sk
00790C*  THE RATIO OF THE OBJECT SIZE ON THE 8 MM (0.0262 M) FILM *
00800C*  WITH THE DIGITIZING BOARD IS CALCULATED AS FACT1 AND FACT2 *
00810C*  FOR THE TWQ FILMS. 23 INCH IS THE WIDTH QF THE DIGITIZING *
00820C*  BOARD IN THIS CASE.

00830(:*t**t******ii**i**l**l***l'l'*i*******l****t**********ii**ii******l**

00840C

T ) e e e
00860C*  ACCORDING TO TABLE 1 IN CHAPTER I, DIGITIZED DATA IN X*, Y"' *
Q0870C*  Z" SYSTEM IS TRANSLATED INTQ X', Y', Z' SYSTEM AND THE KITE *
00880C* (R BALLOON'S LOCATION IN X, Y, Z COORDINATES IS CALCULATED. *
00890C*  FINALLY, THE KITE OR BALLOON'S DISPLACEMENT FOR EACH TIME *
00900C*  STEP IS THEREFORE DETERMINED. *
DO LT3 kot sk e ek o sk ol e ko ool ok ke
00920C

00930 PRINT*,'INPUT THE NUMBER OF DIGITIZED DATA PQINTS, N'

00940 READ*,N

00950 DO 4 I=1,N

00960 READ(99,15)ZPAA,YPA

00970 15 FORMAT(2(F11.3))

00980 YP=ZPAA*FACT!

00990 ZP1=YPA*FACT1
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01000 READ(98,20)ZPB,XPPA
01100 XPP=ZPB*FACT2

01110 XPP=ZPB*FACT2

01120 ZP2=XPPA*FACT2

01130 ZAP=(ZP1+ZP2)/2

01140 IF (XPP.GT.0.0) THEN
01150 XP=XPP/COS{C)-YP*TAN(C)
01160  AJ=AO+XP

01170 ELSE IF(XPP.LE.0.0)THEN
01180 XP=XPP/COS{C)+YP*TAN(C)
01190 AJ=A0-XP

01200 ENDIF

01210 ENDIF

01220 A=ATAN(YP/AJ)

01230 AK=(YP**24AJ**2}**( 5

01240 B=ATAN(ZAP/AK)

01250 AH=(AK**2+ZAP**2)**0.5

01260 X(I}=AH*COS(THI1+B)*COS(THETA1-A)-X(1)
01270 Y(I)=AH*COS(THI1+B)*SIN(THETA1-A)-Y(1)
01280 Z(I)=AH*SIN{THI1+B}-Z(1)

01290 WRITE(511,50)DT,X({I}

01300 50 FORMAT(5X,2(E13.6))

01310 WRITE(512,51)DT,Y(I)

01320 51 FORMAT(5X,2{E13.6))

01330 WRITE(513,52)DT,Z(I)
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01340 52 FORMAT(5X,2(E13.6))
01350 DT=DT+0.5

01360 4 CONTINUE

01370 STOP

01380 END
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APPENDIX E

DERIVATION OF EQUATION (3.16)

Steady-state diagram of the kite (Figure 3.1) gives
F1 = Fgtané (3.13)

and as declared earlier,

F1 = 1/2pAC1(U2 + 2Uu + u2 + v2)
Fd = 1/2pACq(U2 + 2Uu + u2 + v2)
C1 =C1 +C1,q2'
Cd = Cd + Cd,aa’
plus,
a' =0' + ﬁ
g=8+298

now substitute all those terms into Equation (3.13), and Equation (3.13)
becomes:

2

1/2PAC-| (U2 + 2Uu + uc + vz) + 1/2pAC] a(Uz + 20u + u2 + \'2) (' + 'rj) =

2 2

tand 1/2pAC4 (U2 + 20u + u? + v2) + tang 1/2pAC, (V% + 20 + u? + VP)

2

(6" + %) + secz(e)el 1/2pACd(U2 +20u + u¢ + vz) + sec2(6)9'

1/2pACd'a(U2 + 20u + u? + V) (e + ) Step 1

E.1



divide Step 1 by U2, Step 1 becomes,

U

2 . 2 2 2
1/20AC,U% (5 + Y5ty + 1/2pac, UP(1 + 3Y 4 ; Yo + %) = tans
U ; U

2 . 2
1/2pAC U2 (B + u+ L) + tang 1/2pAC, vZ(1 + 34

2
+ sec (8)8' 1/2 ACdUZ(l + %E L secz(e)e‘ 1/2 ACy ,

2
V(1 + B Lo Vg 4

2 2

u ; Y_ is dropped from Step 2,

u

high order term
1/2pAC, 02 (GY) + 1/2p8¢, WP(1 + 36t + 1/2pnc, WP(E + BY) -
[ N U

tang 1/2pAC V7 (3Y) + tans 1/2pACd'aU2(1 + g + tang 1/2pAC, |,
2 2u, v 2 2 2u 2
ue(1 + U")U + sec“(9)8' 1/2pACdU (1 + U_) + sec”(8) 1/2pACd'a

V¥(1 + 8 (6'%) + sec?(o) 1/2pACd'aU2(ﬁ + ﬁ%!)e-

similar terms are added, and Step 3 becomes

2(2u 2 2u) - tand

1/2phC U0 (EY) + 1/2pAC, (% + 22Y) - tans 1/2pAC U7
' U

1/2pACdtaU (1 + &%

1/20AC 07 (1 + B + sec’(6) 1/2pac, W2(1 + 2yo?

= tand 1/2pAC, au (1 + ﬁﬂ)s- + sec2(8)6"

+ secd 1/2pAC Uz(i + 2””)8‘
e U7 2

B+

Step 2

Step 3

Step 4

from here, high order term 20 i1 be droped and the terms 1/2pAC]U2 and

v

UF] and Fd' respectively,

1/2pAC 0% will be called as

E.2



C C C
2u 1,a ;v 2u d,a (v d,a
Fo v Fy _ET- (j) - Fqtand = - tand Fy _E;_ (3) = Fqtand _E;_
C
(1 + &g + Fysec?o(l + Qygr 4+ F “dia cocg(1 + 24y (g'?
d d Cd U
+F EQ;E sec2o(¥)e' - F El;E (1 + 2" Step 5
d Cd U 1 C] U
Cao 2 24y (002
drop H.0.T. F, —== sec 8{1 + U—)(e' ), Step 5 becomes,
d
Fy + F,tand 20, F C] 2_F Cd 2 tang|¥ = Step 6
17 Hq U 1 ‘C"] d ‘C“d U P

C C C
d,a 2 2u “d,a 2,V 1.a 2ul| 4.
[thanﬂ —t;— (1 + ——) + Fysec e(l * 3 ) + Py C; sec GU - F] _f?_ (1 + U—)}G
now, take Step 6 and divide Fq from both sides, we have Equation (3.16).

(gi - tane 2” (SEL— —~¢- tan&)(ﬂ)

C C C
(tane _%;g + sec28 - é d)(l + %Q) + —%L— seca (ﬁ)
d d d

8' =

(3.16)
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APPENDIX F

DERIVATION OF EQUATION (4.20)

As stated in Equation (4.17),
Fp - mg + F1 = Fd tanfi
and
1/2pA(C; + €y (8" + N 20 + i+ D)

= 1/20A(C4 + C4 (0" + N+ 20 + o+ vD)

F

Fa

tan(B1 + ei) = taRBl + secz(sl)ﬁi

Since Fp and the weight mg of the balloon is constant, then if one drops the
D.C. terms Fn and mg from Equation (4.17) and insert the three terms right
above into Equation (4.17), one will have the same equation as Step 1 presented
in Appendix E.

Following the same steps shown in Appendix E, one shall obtain Equa-
tion (4.20) without any troubles.

C
1 2u 1.a d,a v
(6 - o) (B + (e - e e 1)

C C [
tand, —3:@ + secZg, - —L8)(1 + 24) 4 L& (o7 (¥
1 Cd 1 Cd u Cd I\U

g' =

(4.20)

F.l
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