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ABSTRACT

The differences of lower atmosphere wind velocities obtained by a
mas t-mounted anemometer and 10~gram pilot balloons (pibals) are discussed.
Wind velocity measurements were made by an anemometer mounted at the
15.24 meter level on a mast; whereas, simultaneous wind measurements were

calculated from time referenced pibal photographs taken as the pibals
passed the anemometer,

The absolute value of the mean difference in wind speed is 0.53
m sec~! whereas the RMS value is 0.62 m sec~l. The absolute value of

the mean difference in wind direction is 4.9 degrees, while the RMS value
is 5,6 degrees,

The data were obtained from forty experiments during 1966 and 1967
at the Marshall Space Flight Center, Huntsville, Alabama,
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TECHNICAL MEMORANDUM X-53663
WIND COMPARISON ANALYSIS OF PIBAL VERSUS ANEMOMETER
SUMMARY

The differences of lower atmosphere wind velocities obtained by a
mast-mounted anemometer and 10-gram pilot balloons (pibals) are dis-
cussed. Wind velocity measurements were made by an anemometer mounted
at the 15.24 meter level on a mast; whereas, simultaneous wind measure-
ments were calculated from time referenced pibal photographs taken as
the pibals passed the anemometer.

The absolute value of the mean difference in wind speed is 0.53
m sec™', whereas the RMS value is 0.62 m sec™!, The absolute value of
the mean difference in wind direction is 4.9 degrees, while the RMS
value is 5.6 degrees.

The data were obtained from forty experiments during 1966 and 1967
at the Marshall Space Flight Center, Huntsville, Alabama.

I. TINTRODUCTION

Low altitude wind information is of great importance in the design
of the Saturn and other space vehicles. Interest in this subject is
manifested by the articles in professional journals, technical reports,
and other publications, as well as by the monetary support and scientific
effort expended by governmment and private industry. Several compar-
isons of anemometer and pibal wind measurements have been made during
recent years; particularly noteworthy is the work of Rider and Armendariz
[1,2]. Some of the reasons for large wind differences between anemometer
and balloon measured winds can be attributed to balloon aerodynamics,
tower shadow effects, terrain effects, systems error and data reduction
processes. It has been difficult to calculate the magnitude of these
errors because of the unknown combinations of these factors.

This paper compares wind data obtained from tracking a 10-gram
balloon with wind data obtained from a three-cup Climet anemometer
(model 014) located on top of a 15.24-meter meteorological tower (for
further details, see reference 3). After researching flight test data
of 10-gram pibals of various diameters, it was determined that the 0.32-
meter diameter pibal should be used because of its favorable aerodynamic
properties.



IT. DISCUSSION

A, Balloon Dynamics

One of the major factors which may contribute to the difference in
wind measurements of the type under consideration is the size of the
balloon. Other investigators have used the J-100 (100-gram balloon)
which has a vertical rise rate of 5.03 m sec™! and a diameter of 1.015 m¥.
The balloon operates approximately in the transition region between the
unstable supercritical-turbulent region and stable subcritical-laminar
flow where the Reynolds number, R, is on the order of 3 - 4 x 105, For
an evaluation of the differences of the 100-gram pibal and tower wind
profiles, see references 1 and 2.

The 10-gram pibal balloons operate within the laminar (smooth)
region of the Reynolds number range on the order of 104 - 105, and the
drag coefficients Cp are on the order of 0.60 - 0.85.

Several preliminary flights were made to determine the optimum size
of the 10-gram helium-inflated pibal, The pibal diameters considered
were 0.24, 0.32, 0.40, and 0.48 m. The pibals were relsased so that
the trajectory of the balloons would be as near as possible to the
Climet 3-cup wind sensor on the top of the 15,24-meter meteorological
tower. The total time it took the pibals to reach the 15.24-meter
wind sensor was recorded.

Figure 1 shows the results of these 10-gram pibal tests. It
should be noted that the pibal with a diameter of 0.24 meters never
reached a height of 15.24 meters, at least, not under the conditions of
this test day. Subsequently, the aerodynamic characteristics were cal-
culated for the three 10-gram pibals (i.e., the 0.32, 0,40, and 0.48
meter diameter pibals) in addition to five other balloons of larger
diameters. Table 1 shows the results of calculations in which the Cp
and R are listed for the eight balloons with diameters ranging between
0.32 and 2.44 meters. Field tests of the balloons having a diameter
of 1.22 meters and greater were conducted at Cape Kennedy, Florida,
in 1963 (see reference 4).

Figure 2 and 3 show the aerodynamic characteristics of the eight
balloons as discussed above. For purposes of comparison, the aero-
dynamic drag coefficients and the Reynolds numbers were calculated using
the formula presented in appendix A (also, see references 4 and 5). 1In
that the differences of the kinematic viscosity for Cape Kennedy (sea
level) and MSFC, Huntsville, Alabama, (elevation ~ 200 meters) is quite
small, i.e., 1.46 x 105 and 1.48 x 10-5 m?® sec~1, respectively,as

*The J-100 gram balloon maintains a rise rate of about 5 m sec~l to
approximately 12 km [67.
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calculated from the U. S. Standard Atmosphere, 1962 data, it is reasonable
to combine the CD and R values as presented.

Comparisons of Chvs R for the above sphere diameters, as shown in
table I, indicated that the pibal balloons with the smaller diameters
were in the laminar flow region on the order of R « 3 x 105, The large-
diameter balloons (1.22, 2,00, 2.13, and 2.44 m) were in the transition
and supercritical (turbulent) Reynolds number region on the order of
3 x 108 - 108, The 0.32 m diameter was chosen for the tower/pibal experi-
ment because of its favorable aerodynamic properties, i.e., a Reynolds
number of 0.31 x 105 and a drag coefficient of 0.82.

B. Data Reduction

Two 70 mm Hulcher cameras were positioned on a close-cropped,
grassy field adjoining MSFC's Atmospheric Research Facility. The
cameras were located 30.48 m south and east of the meteorological tower,
The pibal winds were calculated by the outline in appendix B, The 70 mm
cameras recorded the pibal position at 10 frames sec~1l, and the data
were used to compute the balloon's position. At the instant the balloon
reached the anemometer height, the operator triggered a light on the
meteorological tower., This light or event marker was used to synchronize
the data obtained from the tower anemometer and the pibal observations.
The tower data were recorded on a strip chart that operates at a rate of
8 in min~l. The trajectory of the balloon was computed at 1/2 - second
averaging intervals centered around the time (event marker) at which
the pibal reached the anemometer height. The event marker on the paper
strip chart wind recorder was used to synchronize the wind speed and
direction data with the pibal, At a chart advance rate of 8 inches
per minute a 1/2 - second time period advances the chart about 1/16 of
an inch, At this chart advance rate, and due to the response of the
anemometer/wind recorder system, near instantaneous wind speeds and
directions were read from the strip chart wind records. Subsequently,
the pibal wind velocity data were compared,

C. Results

Wind direction and wind speed measurements are shown in table II.
The wind direction and speed data of the tower-mounted anemometer and
the pibal/balloon wind data are illustrated in the scatter diagrams
shown in figures 4 and 5, The direction and wind speed generally follow
the 1:1 correspondence line. The absolute value of the mean difference

between the two sensors is 0.53 m sec—1l, while the RMS difference is
0.62 m sec™1,



The range of the wind speed differences is -0,96 and +1,16 m sec~1,.
The absolute value of the mean difference in wind direction is 4.9 degrees,
while the RMS difference is 5.6 degrees. The range extends from -10
degrees to +9 degrees.

IIT. CONCLUSION

Differences of lower atmosphere wind velocities at the 15,24-meter
level were obtained from a tower-mounted anemometer and a 10-gram pibal
tracked by two 70 mm cameras., The field tests and aerodynamic calcu-
lations illustrate that the 10-gram pibal is the most favorable for
low level wind measurements. The 10-gram pibal has a diameter of 0.32 m
(1,05 ft) and rises at a rate of 1.62 m sec~1(5.32 ft sec-1), This
balloon operates in the laminar flow region (0.31 x 105 - R), and its
drag coefficient is approximately 0.82. The absolute value of the
mean differences in wind speed is 0.53 m sec~! (1.74 ft sec~l) and 4.9
degrees, respectively, The RMS value between the observations of the
two wind sensors is 0.62 m sec™! in wind speed (2.03 ft sec~1) and
5.6 degrees in wind direction. These comparisons were conducted for
anemometer wind velocities averaged over 1/2-second time periods for
wind speeds ranges of 1 to 9 m sec 1.
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TABLE T

Comparison of Reynolds Number (R) versus Drag Coefficients (Cp)
for Various Sphere Diameters (d) at
Approximate Sea Level Pressures

Diameter m (ft) Cp R x 10° Remark
0.320 (1.05) .82 0.31 PIBAL (10 gm)
0.403 (1.32) .77 0.58 PIBAL (10 gm)
0.485 (1.59) .60 0.87 PIBAL (10 gm)
1.22 (4.00) .38 3.25 ROSE TYPE

1.01 (3.31) .36 3.31 PIBAL (100 gm)
2.00 (6.56) .35 7.00 ROSE (Standard)
2.13 (7.00) .28 9.50 ROSE TYPE

2.44 (8.00) .26 12.00 ROSE TYPE

10




TABLE II1

Tower/Pibal Wind Comparison at 15.24 m, MSFC, Huntsville, Alabama

Wind Direction (deg) (m sec-1) ngi;l
Date SZiiz; Distance
Tower|Pibal|Difference|Tower|Pibal|Difference|Displace-
ment (m)

Oct. 4, 1966 1 220 215 5 1.00 1.18 -0.18 1.7
Oct. 4, 1966 2 185 190 -5 1.34 1.51 -0.17 3.7
Oct. 4, 1966 3 228 226 2 2.12 3,08 -0.96 4.9
Oct. 6, 1966 6 020 030 -10 l1.67 2.17 -0.50 3.5
Oct, 6, 1966 8 360 003 -3 5.03 5.42 -0.39 2.5
Oct., 6, 1966 9 003 355 8 3,01 3.01 0.00 2.0
Oct. 6, 1966 10 340 331 9 4.09 3.60 0.49 3.4
Oct., 6, 1966} 11 354 359 -5 4.02 4,40 -0.38 5.4
Nov.17, 1966 3 196 206 -10 3.85 4.02 -0.17 3.2
Nov.17, 1966 16 212 210 2 5.36 5.82 -0.46 4.9
Nov.17, 1966) 17 210 212 -2 4.02 3.73 0.29 4.2
Nov.17, 1966{ 18 193 190 3 4.85 4,61 0.24 4.1
Jan.31, 1967 11 220 228 -8 4,36 3.51 0.85 2.8
Jan,31, 1967 12 245 237 8 7.59 8.38 -0.79 3.9
Mar.30, 1967 5 124 130 -6 7.71 8.36 -0.65 0.4
Mar.30, 1967 10 135 130 5 7.04 6.06 0.98 2.7
Mar.30, 1967 11 140 138 2 8.72 8.99 -0.27 2,6
Mar.30, 1967 15 143 138 5 8.38 8.72 -0.34 2.6
Mar.30, 1967] 16 148 146 2 7.04 6.13 0.91 4.4
Mar.30, 1967 19 120 128 -8 8.72 8.58 0.14 2,5
Mar.30, 1967 23 130 132 -2 5.03 5.61 -0.58 0.4
Mar.30, 1967 29 120 124 -4 8.05 8.89 -0.84 0.2
Mar.31, 1967 38 190 195 -5 4,02 3.56 0.46 5.0
Mar.31, 1967 39 180 190 -10 4.35 3.67 0.68 3.6
Mar.31, 1967| 42 190 195 -5 4.36 3.98 0.38 4.4

11




TABLE II (Continued)

Wind Direction(deg) (m sec-?) Horizontal
Date 8Zii2; Tower | Pibal Differ- Tower | Pibal Differ- gii;?:i:-
ence jence ment  (m)
June 28, 1967| & 155 151 4 4.36 4,60 -0.24 4.5
June 28, 1967 10 165 163 2 3.88 3.78 0.10 5.0
June 28, 1967 11 140 145 -5 3.69 4.39 -0.70 1.7
June 28, 1967| 13 136 138 -2 3.17 3.78 -0.61 5.0
June 28, 1967 14 142 137 5 3.36 2.43 0.93 3.1
June 28, 1967] 15 145 148 -3 5.03 5.17 -0.14 2.4
June 28, 1967 16 150 151 -1 5.03 4,19 0.84 2.8
June 28, 1967 18 148 155 -7 4,36 3,55 0.81 2.3
June 28, 1967 20 150 148 2 5.03 4.82 0.21 3.9
June 28, 1967 21 140 144 =4 4,36 3.73 0.63 4.6
June 28, 1967| 22 123 121 2 5.90 5.54 0.36 6.4
June 28, 1967 24 130 123 7 4,70 5.20 -0.50 3.7
June 28, 1967{ 30 130 128 2 4.68 3.52 1.16 5.8
June 28, 1967 31 140 145 -5 6.71 5.73 0.98 5.3
June 28, 1967] 36 143 153 -10 5.03 4.21 0.82 5.8

12




APPENDIX A

Aerodynamic Drag Coefficient

The aerodynamic drag coefficient was calculated as follows: The
. buoyant force (Fg) of the balloon is defined by the equation:

Fy = 8lvol(g, = p) - ] (1)

where the following notations are defined:

g = gravitational acceleration
vol = volume of sphere
Py = ambient air density
pg = density of helium gas
i Mp = mass of balloon.

The drag coefficient (Cp) was determined from the equation,

F
R - (2)
5 Py A ref V=

where A ref is the cross-sectional area and V is the vertical rise rate
of the balloon. The drag coefficient for spheres or cylinders are
greatly affected by R. R is the ratio of the inertial force to viscous
forces and is given by

R = 4 (3)

where V is the vertical rise rate of the balloon, d is the balloon diam-
eter, and v is the kinematic viscosity.

13



APPENDIX B
Mathematical Derivations

The total horizontal velocity Vi was computed from the X and Y
coordinates of horizontal projection of the trajectory as determined
from the azimuth and elevation angles and the distance D between the
two cameras.

The horizontal coordinates X and Y are computed from the equa-
tions listed below.

Horizontal Velocity (Vt)

¢ D
Horizontal Distance Diagram
Symbols
C, position of the south camera
Co position of the east camera
oy and ¢ azimuth and elevation angles from C,; camera

15



O and €o azimuth and elevation angles from C. camera

B projection of balloon position on horizontal plane
through C, and C, cameras (at time, t)

By balloon position on a horizontal plane through C; and
C» cameras (at time, t + 7).

From the law of sines

B A D

sin(45° + (p)  sin(45° - Oy sin 180° - [(65°+ o) + (45° - Qn) |

(4)

where
sin 180° - [(45° + o) + (45° - )l
is the difference of two angles, sin(x - y) = sin x cos y - cos x sin y

and is equal to cos (Q; - Q).

The law of sines is simplified to

B A D

sin(45° + ) - sin(45° -~ ay) - cos (O = Qo) )
and
D sin(45° - do)
= 6
A cos (Cq = o) (6)
and

- D Sin(45° + Qfl)
B cos (¢ = Q) 7

16




The X and Y components of the horizontal travel distance

are

X = A sin ¢; positive east (8)
and
Y = A cos o7 - 30.488 positive north, 9)
The height equation (Z) is calculated from the equation
Z=A tan €, + C (10)
where C 1is the camera elevation correction,
The total horizontal velocity equation (Vi) is
2 2
V. = M (m Sec"l) (11)
t A
t
where
AX = difference between X values at half second intervals
ANY = difference between Y values at half second intervals,
which becomes
v, =2 NAXE + A2, (12)

The component wind speeds kn and Yn are computed using the follow-

ing equations:

kn = ZE—————4L- (m/sec)

(l'l, n-= l)

17




. Yn i Yn-l
Y = ——= (m/sec).

n Ax(n,n-l)

The computed wind speeds are associated with the top of the layer
designated by n. The direction from which the wind is blowing, V,, is
calculated as follows:

X
| n .
Wn = tan~! — + quadrant correction.

Y
n

The quadrant correction is determined from the sign of kn and %n
as follows:

+
n } 360 - §_
X+
n } 180 +

| “ -
| " }1so-¢n

18
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