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TECHNICAL MEMORANDUM X-64589

TERRESTRIAL ENVIRONMENT (CLIMATIC) CRITERIA
GUIDELINES FOR USE IN SPACE VEHICLE DEVELOPMENT,
1971 REVISION

Glenn E. Daniels, Editor

SUMMARY

This document provides guidelines on probable climatic extremes of
terrestrial environment data specifically applicable for NASA space vehicles
and associated equipment development. The geographic areas encompassed
are the Eastern Test Range (Cape Kennedy, Florida); Huntsville, Alabama;
New Orleans, Louisiana; The Space and Missile Test Center (Vandenberg AFB,

California); Sacramento, California; Wallops Test Range (Wallops Island,’
Virginia); White Sands Missile Range, New Mexico; and intermediate transpor-

tation areas. In addition, a section has been included to provide information on
the general distribution of natural environmental extremes in the continental
United States that may be needed to specify design criteria in the transporta-
tion of space vehicle components. Although not considered as a specific

space vehicle design criterion, a section on atmospheric attenuation has been
added, since certain earth orbital experiment missions are influenced by

the earth's atmosphere, Some climatic extremes for worldwide operational
conditions are included, however, it is recognized that launching and test

areas are restricted due to the nonavailability of facilities and real estate.

Design guideline values are established for the following environmental
parameters: (1) thermal (temperature and solar radiation), (2) humidity, (3)
precipitation, (4) winds, (5) pressure, (6) density, (7) electricity (atmos-
pheric), (8) corrosion (atmospheric), (9) sand and dust, (10) fungi and
bacteria, (11) atmospheric oxidants, (12) composition of the atmosphere, and
(13) inflight thermodynamic properties. Data are presented and discussions
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of these data are given relative to interpretation as design guidelines. Addi-
tional information on the different parameters may be located in the numerous
references cited in the text following each section.

FOREWORD

For climatic extremes, there is no known physical upper or lower bound,
except for certain conditions; that is, for wind speed, there does exist a strict
physical lower bound of zero. Therefore, for any observed extreme condition,
there is a finite probability of its being exceeded. Consequently, climatic
extremes for design must be accepted with the knowledge there is some risk
of the values being exceeded. Also, the accuracy of measurement of many
environmental parameters is not as precise as desired. In some cases, theo-
retical estimates of extreme values are believed to be more representative
than those indicated by empirical distributions from short periods of record.
Therefore, theoretical values are given considerable weight in selecting extreme
values for some parameters, i.e., the peak surface winds.

With regard to surface and inflight winds, shears, and turbulence, it is
understood that the space vehicle will not be designed for launch and flight in
severe weather conditions; that is, hurricanes, thunderstorms, and squalls.
Wind conditions are presented for various percentiles based on available data
samples. Caution should be exercised in the interpretation of these percentiles
in vehicle studies to ensure consistency with physical reality and the specific
design and operational problems of concern.

Environment data in this document are limited to information below
90 kilometers. Reference 1.1 provides information above 90 kilometers.
Specific space vehicle natural environmental design criteria are normally
specified in the appropriate organizational space vehicle design ground rules
and design criteria data documentation. The information in this document is
recommended for use in the development of space vehicles and associated
equipment, unless otherwise stated in contract work specifications.

Considerably more information is available, but not in final form, on
some of the topics in this document, viz., solar radiation, surface and inflight
winds, and thermodynamic properties. Users of this document who have
questions or require further information on the data provided shall direct
their requests to the Aerospace Environment Division (S&E-AERO-Y), Aero-
Astrodynamics Laboratory, Marshall Space Flight Center.
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The data in all sections are based on conditions which have actually
occurred, or are statistically probable in nature, over a longer period than
the available data. When possible, cycles (diurnal or other) are given to
provide information for environmental testing in the laboratory. In many
cases, the natural test cycles do not agree with standard laboratory tests, fre-
quently being less severe; although occasionally the natural cycle as given is
more severe than the laboratory test. Such cycles need careful consideration
to determine whether the laboratory tests need adjustment.

Assesment of the natural environment in early stages of a space vehicle
development program will be advantageous in developing a space vehicle with
a minimum operational sensitivity to the environment. For those areas of the
environment that need to be monitored prior to and during tests and operations,
this early planning will permit development of the required measuring and
communication systems for accurate and timely monitoring of the environment.
Reference 1. 2A is an example of this type of study.

The environment criteria data presented in this document were
formulated based on discussions and requests from engineers involved in space
vehicle development and operations; therefore, they represent responses to
actual engineering problems and are not just a general compilation of environ-
mental data. This report is used extensively by the Marshall Space Flight
Center (MSFC), the Manned Spacecraft Center (MSC), and the Kennedy
Space Center (KSC) in design and operational studies. Inquiries may be
directed through appropriate channels to the following persons:

Scientific Area MSFC MSC KSC
Atmospheric Thermo- O, E. Smith R. H. Bradley
dynamic Models C. Brown
Ground Winds and O. E. Smith A. C. Mackey P, Claybourne
Inflight Winds G. H. Fichtl R. H. Bradley | J. Spears
Atmospheric Condi- O. E. Smith R. H. Bradley
tions (General) G. H. Fichtl

G. E. Daniels
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1.5
SECTION L. INTRODUCTION

By
Glenn E. Daniels and William W. Vaughan
1.1 General

A knowledge of the earth's atmospheric environmental parameters is
necessary for the establishment of design requirements for space vehicles and
associated equipment. Such data are required to define the design condition for
fabrication, storage, transportation, test, pre-flight, and in-flight design con-
ditions and should be considered for both the whole system and the components
which make up the system. The purpose of this document is to provide guide-
line data on natural environmental conditions for the various major geographic
locations which are applicable to the design of space vehicles and associated
equipment for the National Aeronautics and Space Administration. The publi-
cations MIL-STD-210A (Ref. 1.3), U.S. Standard Atmosphere, 1962 (Ref. 1.4),
the U.S. Standard Atmosphere Supplements (Ref. 1.5), and the Range Reference
Atmospheres (Ref. 1.6), are suggested for use as sources of data for geo-
graphic areas not given in this document.

Good engineering judgment must be exercised in the application of the
earth's atmospheric data to space vehicle design analysis. Consideration must
be given to the overall vehicle mission and performance requirements. Know-
ledge still is lacking on the relationships between some of the atmopheric vari-
ates which are required as inputs to the design of space vehicles. Also, inter-
relationships between space vehicle parameters and atmospheric variables
cannot always be clearly defined. Therefore, a close working relationship and
team philosophy should exist between the design/operational engineer and the
respective organization's aerospace meteorologists. Although a space vehicle
design should accommodate all expected operational atmospheric conditions,
it is neither economically nor technically feasible to design space vehicles to
withstand all atmospheric extremes. For this reason, consideration should be
given to protection of space vehicles from some extremes by use of support
equipment, and by using specialized forecast personnel to advise of the expected
occurrence of critical environmental conditions. The services of specialized
forecast personnel may be very economical in comparison with more expensive
designing which would be necessary to cope with all environmental possibilities.

This document does not specify how the designer should use the data
in regard to a specific space vehicle design. Such specifications may be estab-
lished only through analysis and study of a particular design problem. Although
of operational significance, descriptions of some atmospheric conditions

A
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have been omitted since they are not of direct concern for structural and control
system design. Induced environments (vehicle caused) may be more critical
than natural environments for certain vehicle operational situations, and in
some cases the combination of natural and induced environments will be more
severe than either environment alone. Induced environments are considered

in other space vehicle criteria documents which should be consulted for such
data.

Reports such as the '"Marine Climatic Guide' (Ref. 1.7) may be con-
sulted for reentry landing area information.

1.2 Geographical Areas Covered (Fig. 1.1)

a. Huntsville, Alabama.,

b. River transportation: Between Huntsville, Alabama (via Tennessee,
Ohio, and Mississippi Rivers) and New Orleans, Louisiana.

c. New Orleans, Louisiana; Mississippi Test Operations, Mississippi;
Houston, Texas; and transportation zones between these locations.

d. Gulf transportation: Between New Orleans, Louisiana (via Gulf of
Mexico and up east coast of Florida) and Cape Kennedy, Florida.

e. Panama Canal transportation: Between Los Angeles or SAMTEC,
California (via West Coast of California and Mexico, through the Panama Canal,
and Gulf of Mexico) and New Orleans, Louisiana.
f. Eastern Test Range (ETR), Cape Kennedy, Florida,
g. Space and Missile Test Center (SAMTEC), (Vandenberg AFB), California.
h., Sacramento, California.

i, Wallops Test Range, Wallops Island, Virginia.

j. West coast transportation: Between Los Angeles, California, and
Sacramento, California.

k. White Sands Missile Range, New Mexico.

1. Edwards Air Force Base, California.
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1.3 Units of Conversion

Numerical values in this document are given in the International System of
Units (Ref. 1.8, 1.9). The values in parentheses are equivalent U.S. Customary
Units.* The metric and U, S, Customary Units employed in this report are
those normally used for measuring and reporting atmospheric data,

By definition, the following fundamental conversion factors are exact
(Ref. 1.8, 1.9, 1.10).

Type U, S. Customary Units Metric
Length 1 U. S, yard (yd) 0. 9144 meter (m)
Mass 1 avoirdupois pound (1b) 453. 59237 gram (g)
Time 1 second (8) 1 second (s)
Temperature 1 degree Rankine(°®R) 5/9 degrees Kelvin (°K)
Electric current 1 ampere (A) 1 ampere (A)
Light intensity 1 candela (cd) 1 candela (cd)

To aid in conversion of units given in this document, conversion factors
based on the above fundamental conversion factors are given in Table 1.1. Geo-
metric altitude as employed herein is with reference to mean sea level (MSL)
unless otherwise stated.

1.4 Definition of Percentiles

The values of the data corresponding to the cumulative percentage fre-
quencies are called percentiles. The relationship between percentiles and pro-
bability is as follows: Given that the 90th percentile of the wind speed is, say,

60 m/s meansthat there is a probability of 0. 90 that this value of the wind speed
will not be exceeded, and there is probability of 0. 10 that it will be exceeded

for the sample of data from which the percentile was computed., Stated in another
way: There is a 90 percent chance that the given wind speed of 60 m/s will not

be exceeded or there is a 10 percent chance that it will be exceeded. If one con-
siders the 10th and 90th percentiles for the wind speeds, it is clear that 80 percent
of the wind speeds occur within the 10-90 percentiles range.

* English Units adopted for use by the United States of America.
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SECTION II. THERMAL

~

By

Glenn E. Daniels

2.0 Introduction

One of the more important environmental influences on a vehicle is
the thermal environment. Combinations of air temperature, solar radiation,
and sky radiation can cause various structural problems. Some examples of
potential problems are: (1) Heating of one side of the vehicle by the sun
while the other side is cooled by a clear sky causes stresses since the vehicle
sides will be of different length; (2) the temperature of the fuel influences
the volume/mass relationship; and (3) too high a temperature may destroy
the usefulness of a lubricant. The heating or cooling of a surface by air
temperature and radiation is a function of the heat transfers taking place;
therefore, methods of determining these relationships are presented in this
section.

2.1 Definitions
The following terms and meanings are used in this section.
Absorption bands are those portions of the solar (or other continuous)
spectrum which have lesser intensity because of absorption by gaseous ele-

ments or molecules. In general, elements give sharp lines, but molecules
such as water vapor or carbon dioxide in the infrared give broad diffuse bands.

Air mass is the amount of atmosphere that the solar radiation passes
through, whereas one air mass is referenced to when the sun is at its zenith.

Air temperature (surface) is the free or ambient air temperature
measured under standard conditions of height, ventilation, and radiation
shielding. The air temperature is normally measured with liquid-in-glass
thermometers in a louvered wooden shelter, painted white inside and outside,
with the base of the shelter normally 1. 22 meter (4 ft) above a close-cropped
grass surface (Ref. 2.1, page 59). Unless an exception is stated, surface
air temperatures given in this report are temperatures measured under these
standard conditions.
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Astronomical unit is a unit of length defined as equal to the mean dis-
tance between the earth and sun. The current accepted value is 1. 495978930
x 10 kilometers.

Atmospheric transmittance is the ratio between the intensity of the
extraterrestrial solar radiation and intensity of the solar radiation after
passing through the atmosphere.

Black body is an ideal emitter which radiates energy at the maximum
possible rate per unit area at each wavelength for any given temperature and
which absorbs all incident radiation at all wavelengths.

Diffuse sky radiation is the solar radiation reaching the earth's sur-
face after having been scattered from the direct solar beam by molecules or
suspensoids in the atmosphere. It is measured on a surface after the direct
solar radiation is subtracted from the total horizontal radiation.

Direct solar radiation is the solar radiation received on a surface
directly from the sun, and does not include diffuse sky radiation.

Emittance is the ratio of the energy emitted by a body to the energy
which would be emitted by a black body at the same temperature. All real
bodies will emit energy in different amounts from a black body at various
wavelengths; i.e., colored bodies are colored because of higher emittance at
specific wavelengths. In this document, the assumption is made that the
absorptivity of an object is numerically equal to the emittance of the object
at the same wavelengths. Therefore, the value of the emittance can be used
to determine the portion of the energy received by the object which heats
(or energy lost which cools) the object.

Extraterrestrial solar radiation is that solar radiation received out-
side the earth's atmosphere at one astronomical unit from the sun. The term
""'solar spectral irradiance'' is used when the extraterrestrial solar radiation
at small wavelength intervals is considered.

Fraunhofer lines are the dark absorption bands in the solar spectrum
caused by gases in the outer portions of the sun and earth's atmosphere.

Horizontal solar radiation is the solar radiation measured on a hori-
zontal surface. This is frequently referred to as "global radiation' when
solar and diffuse sky radiation are included.

Irradiation is often used to mean solar radiation received by a surface.
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Normal incident solar radiation is the radiation received on a surface,

normal to the direction of the sun, direct from the sun, and does not include
diffuse sky radiation.

Radiation temperature is the absolute temperature of a radiating black
body determined by Wien's displacement law, expressed as

w

TR = Amax ? (2.1)
where
TR = absolute temperature of the radiating body
w = Wien's displécement constant (0. 2880 cm °*K)
Amax = the wavelength of the maximum radiation intensity for the

black body.

Sky radiation temperature is the average radiation temperature of the
sky when it is assumed to be a black body. Sky radiation is the radiation to and
through the atmosphere from outer space. While this radiation is normally
termed nocturnal radiation, it takes place under clear skies even during day-
light hours.

Solar radiation in this document will be defined as the radiant energy
from the sun between 0. 22 and 20. 0 microns ( subsection 2. 2. 2).

Surface temperature is the temperature which a given surface will have
when exposed to air temperature and radiation within the approximate wave-
length interval of 0. 22 to 20. 0 microns.

2.2 Special Distribution of Radiation

2.2.1 Introduction

All objects radiate energy in the electromagnetic spectrum. The
amount and frequency of the radiation distribution is a function of temperature.
The higher the temperature, the greater the amount of total energy emitted
and the higher the frequency (shorter the wavelength) of the peak energy
emission.
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2.2.2 Solar Radiation

The sun emits energy in the electromagnetic spectrum from 10-7
to greater than 10° microns. This radiation ranges from cosmic rays through
the very long wave radio waves. The total amount of radiation from the sun
is nearly constant in intensity with time,

Of the total electromagnetic spectrum of the sun, only the radiant
energy from that portion of the spectrum between 0. 22 and 20. 0 microns
(the light spectrum) will be considered in this document since it contains
99. 8 percent of the total electromagnetic energy. The spectral distribution of
this region closely resembles the emission of a gray body radiating at 6000°K.
This is the spectral region which causes nearly all of the heating or cooling
of an object.

Solar radiation outside the earth's atmosphere is distributed in a con-
tinuous spectrum with many narrow absorption bands caused by the elements
and molecules in the colder solar atmosphere. These absorption bands are the
Fraunhofer lines, whose widths are usually very small (< 1074y in most
cases).

The earth's atmosphere also absorbs a part of the solar radiation such
that the major portion of the solar radiation reaching the earth's surface is
between about 0. 35 p and 4, 00 microns. The distribution of the energy in this
region of the spectrum outside the earth's atmosphere (extraterrestrial) is as
follows:

Distribution Solar Intensity
Region (u) (%) g-cal cm™? (min™?)
Ultraviolet below 0, 38 7.003 0.136
0.38to 0.75 44, 688 0. 867
Infrared above 0. 75 48. 309 0. 937

The first detailed information published for use by engineers on the
distribution of solar radiation energy (solar irradiation) wavelength was that
by Parry Moon in 1940 (Ref. 2.2). These data were generally based on
theoretical curves, but are still used as the basic solar radiation in design by
many engineers.
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2.2.3 Intensity Distribution

Table 2. 1 presents data on the distribution with wavelength of solar
radiation outside the earth's atmosphere and at the earth's surface after 1

atmosphere absorption. The solar radiation distribution data outside the earth's

atmosphere (solar spectral irradiance) are based on recent extraterrestrial
data obtained by high-flying aircraft and published by Thekarkara (Ref. 2. 3).
The values of solar radiation for 1 atmosphere absorption are representative
of a very clear atmosphere which provides a minimum of atmospheric absorp-
tion. This gives a total normal solar radiation value (area under the spectral
curve) equal to the highest values measured at the earth's surface in mid-
latitudes. These data are for use in solar radiation design studies when ex-
treme solar radiation effects are desired at the earth's surface.

2.2. 4 Atmospheric Transmittance of Solar Radiation

The atmosphere of the earth is composed of a mixture of gases,
aerosols, and dust which absorb radiation in different amounts at various
wavelengths, If the ratio is taken of the solar spectral irradiance Io to that

of the solar radiation after absorption through one air mass I o* 20

1.0
atmospheric transmittance factor M can be found [equation (2. 2)]:

I
o

Ii. 00

M =

(2.2)

The atmospheric transmittance constant can be used in the following
equation for computations of intensities for any other number of air masses:

o= o), (2.3)
where
IN = intensity of solar radiation for N air mass thickness
N = number of air masses.

Equation (2. 3) can also be used to obtain solar radiation intensities
versus wavelengths for other total normal incident solar radiation intensities
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TABLE 2.1 SOLAR SPECTRAL IRRADIANCE (outside atmosphere)
AND SOLAR RADIATION AFTER ABSORPTION
BY CLEAR ATMOSPHERE
Wavelength Solar Spectral Area Under Solar Radiation Area Under Percentage of Solar
(microns) Irradiance Solar Spectral After One One Atmosphere | Radiation After One
A (watts cm-z M -1) Irradiance Atmosphere Solar Radiation | Atmosphere Absorp-
Curve Absorption Curve tion for Wavelengths
2 -1 2 Shorter thani ( %)

(watts cm—z)

(watts e~ “u" %)
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TABLE 2,1

AND SOLAR RADIATION AFTER ABSORPTION
BY CLEAR ATMOSPHERE (Continued)

2.7

SOLAR SPECTRAL IRRADIANCE (outside atmosphere)

Wavelength Solar Spectral Area Under Solar Radiation Area Under Percentage of Solar
(microns) Irradiance Solar Spectral After One One Atmosphere | Radiation After One
A (watts cm-z -l) Irradiance Atmosphere Solar Radiation | Atmosphere Absorp-
Lo Curve Absorption Curve tion for Wavelengths

(watts cm'z) (watts em™2 M 'l) (watts cm-z) Shorter than A ( %)
0.475 0.2044 0.025600 0.196538 0.021784 19.61
0.480 0.2074 0.026629 0.197523 0.022772 20.50
0.485 0.1976 0.027642 0.186415 0.023704 21.34
0.490 0.1950 0.028623 0.183962 0.024624 22.17
0.495 0.1960 0.029601 0.183177 0.025539 22.99
0.500 0.1942 0.030576 0.179814 0.026439 23.80
0.505 0.1920 0.031542 0.176146 0.027319 24.60
0.510 0.1882 0.032492 0.172660 0.028183 25,37
0.515 0.1833 0.033421 0.168165 0.029023 26.13
0.520 0.1833 0.034337 0.168165 0.029864 26.88
0.525 0.1852 0.035259 0.169908 0.030714 27.65
0.530 0.1842 0.036182 0.168990 0.031559 28.41
0.535 0.1818 0.037097 0.166788 0.032393 29.16
0.540 0.1783 0.037997 0.163977 0.033211 29.90
0.545 0.1754 0.038882 0.160917 0.034015 30.62
0.550 0.1725 0.039751 0.158256 0.034806 31.33
0.555 0.1720 0.040613 0.157798 0.035595 32.05
0.560 0.1695 0.041466 0.155504 0.036373 32,75
0.565 0.1705 0.042316 0.156422 0.037155 33.45
0.570 0.1712 0.043171 0.157064 0.037940 34.16
0.575 0.1719 0.044028 0.157726 0.038729 34.87
0.580 0.1715 0.044887 0.157339 0.039516 35.57
0.585 0.1712 0.045744 0.157064 0.040301 36.28
0.590 0.1700 0.046597 0.155963 0.041081 36.98
0.595 0.1682 0.047442 0.154311 0.041852 37.68
0.600 0.1666 0.048279 0.152844 0.042616 38.37
0.605 0.1647 0.049107 0.151100 0.043372 39.05
0.610 0.1635 0.049928 0.150000 0.044122 39.72
0.620 0.1602 0.051546 0.146972 0.045592 43.05
0.630 0.1570 0.053132 0.145370 0.047045 42.30
0.640 0.1544 0.054689 0.144299 0.048488 43.66
0.650 0.1511 0.056217 0.142547 0.049914 44.94
0.660 0.1486 0.057715 0.141523 0.051329 46.22
0.670 0.1456 0.059186 0.140000 0.052729 47.48
0.680 0.1427 0.060628 0.137211 0.054101 48.71
0.690 0.1402 0.062042 0.134807 0.055449 49.93
0.700 0.1369 0.063428 0.131634 0.056766 51.11
0.710 0.1344 0.064784 0.129230 0.058058 52.27
0.720 0.1314 0.066113 0.126346 0.059321 53.41
0.730 0.1290 0.067415 0.124038 0.060562 54.53
0.740 0.1260 0.068690 0.121153 0.061773 55.62
0.750 0.1235 0.069938 0.118750 0.062961 56.69
0.800 0.1107 0.075793 0.106442 0.068283 61.48
0.850 0.0988 0.081030 0.095000 0.073033 65.76
0.300 0.0889 0.085723 0.080090 0.077037 69.36
0.950 0.0835 0.090033 0.077314 0.080903 72.84
1.000 0.0746 0.093985 0.071730 0.084490 76.07
1.100 0.0592 0.100675 0.056923 0.090182 81.20
1.200 0.0484 0.106055 0.046538 0.094836 85.39
1.300 0.0396 0.110455 0.036000 0.098436 88.63
1.400 0.0336 0.114115 0.002240 0.098660 88.83
1.500 0.0287 0.117230 0.027333 0.101393 91.29
1.600 0.0244 0.119885 0.023461 0.103739 93.40
1.700 0.0202 0.122115 0.019423 0.105681 95.15
1.800 0.0159 0.123920 0.013826 0.107064 96.40
1.900 0.0126 0.125345 0.000126 0.107077 96.41
2.000 0.0103 0.126490 0.009809 0.108057 97.29
2.100 0.0090 0.127455 0.008653 0.108923 98.07
2.200 0.0079 0.128300 0.007596 0.109682 98.76
2.300 0.0068 0.129035 0.006538 0.110336 99.34
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TABLE 2.1 SOLAR SPECTRAL IRRADIANCE (outside atmosphere)
AND SOLAR RADIATION AFTER ABSORPTION
BY CLEAR ATMOSPHERE (Concluded)

Wavelength Solar Spectral Area Under Solar Radiation Area Under Percentage of Solar

(microns) Irradiance Solar Spectral After One One Atmosphere| Radiation After One

A (watts cm-Z -1) Irradiance Atmosphere Solar Radiation | Atmosphere Absorp-

H Curve Absorption Curve tion for Wavelengths

- - - - o

(watts cm 2) (watts cm z, 1) (watts cm 2) Shorter than A ( %)
2.4 0.0064 0.129695 0.006153 0.110951 99.90
2.5 0.0054 0.130285 0.001080 0.111059 100.00
2.6 0.0048 0.130795 0.000005 0.111060 100.00
2.7 0.0043 0.131250 0.000004 0.111060 100.00
2.8 0.00390 0.131660 0.000004 0.111061 100.00
2.9 0.00350 0.132030 0.000004 0.111061 100.00
3.0 0.00310 0.132360 0.000003 0.111061 100.00
3.1 0.00260 0.132645 0.000002 0.111062 100.00
3.2 0.00226 0.132888 0.000002 0.111062 100.00
3.3 0.00192 0.133097 0.000002 0.111062 100.00
3.4 0.00166 0.133276 0.000001 0.11:062 100.00
3.5 0.00146 0.133432 0.000001 0.111062 100.00
3.6 0.00135 0.133573 0.000001 0.111062 100.00
3.7 0.00123 0.133702 0.000001 0.111062 100.00
3.8 0.00111 0.133819 0.000001 0.111063 100.00
3.9 0.00103 0.133926 0.000001 0.111063 100.00
4.0 0.00095 0.134025 0.000001 0.111063 100.00
4.1 0.00087 0.134116 0.000001 0.111063 100.00
4.2 0.00078 0.134198 0.000000 0.111063 100.00
4.3 0.00071 0.134273 0.000000 0.111063 100.00
4.4 0.00065 0.134341 0.000000 0.111063 100.00
4.5 0.00059 0.134403 0.000000 0.111063 100.00
4.6 0.00053 0.134459 0.000000 0.111063 100.00
4.7 0.00048 0.134509 0.000000 0.111063 100.00
4.8 0.00045 0.134556 0.000000 0.111063 100.00
4.9 0.00041 0.134599 0.000000 0.111063 100.00
5.0 0.0003830 0.13463906 0.000000 0.111063 100.00
6.0 0.0001750 0.13491806 0.000000 0.111063 100.00
7.0 0.0000990 0.13505506 0.000000 0.111063 100.00
8.0 0.0000600 0.13513456 0.000000 0.111063 100.00
9.0 0.0000380 0.13518356 0.000000 0.111063 100.00
10.0 0.0000250 0.13521506 0.000000 0.111063 100.00
11.0 0.0000170 0.13523606 0.000000 0.111063 100.00
12.0 0.0000120 0.13525056 0.000000 0.111063 100.00
13.0 0.0000087 0.13526091 0.000000 0.111063 100.00
14.0 0.0000055 0.13526801 0.000000 0.111063 100.00
15.0 0.0000049 0.13527321 0.000000 0.111063 100.00
16.0 0.0000038 0.13527756 0.000000 0.111063 100.00
17.0 0.0000031 0.13528101 0.000000 0.111063 100.00
18.0 0.0000024 0.13528376 0.000000 0.111063 100.00
19.0 0.0000020 0.13528596 0.000000 0.111063 100.00
20.0 0.0000016 0.13528776 0.000000 0.111063 100.00
25.0 0.000000610 0.13529328 0.000000 0.111063 100.00
30.0 0.000000300 0.13529556 0.000000 0.111063 100.00
35.0 0.000000160 0.13529671 0.000000 0.111063 100,00
40.0 0.000000094 0.13529734 0.000000 0.111063 100.00
50.0 0.000000038 0.13529800 0.000000 0.111063 100.00
60.0 0.000000019 0.13529829 0.000000 0.111063 100.00
80.0 0.000000007 0.13529855 0.000000 0.111063 100.00
100.0 0.000000003 0.13529865 0.000000 0.111063 100.00
1000.0 0.000000000 0.13530000 0.000000 0.111063 100.00
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(area under curve) by computation of new values of atmospheric transmittance
as follows:

N 0.1111 ! (2.4)
where

ITN = new value of total normal incident solar radiation intensity
in Wem™?2

M = value for atmospheric transmittance given in Table 2. 1

MN = new value of atmospheric transmittance.

Equations (2. 3) and (2. 4) are valid only for locations relatively near
the earth's surface (below 5 km altitude). For higher altitudes, corrections
would be needed for the change of the amount of ozone and water vapor in the

atmosphere. Also, equation (2. 4) should be used only for values of ITN

greater than 0. 0767 Wem™ (1. 10 g-cal cm™2 min™~!) since values lower than
this would indicate a considerably higher ratio of water vapor to ozone in the
atmosphere and require that the curve be adjusted to give more absorption in
the infrared water vapor bands at long wavelengths (infrared) and a smaller
increase for the ozone at shorter wavelengths.

2.2.5 Sky (Diffuse) Radiation

When solar radiation, which is a nearly parallel beam of light,
enters the atmosphere of the earth, molecules of air, dust particles, and
aerosols such as water vapor droplets either diffuse or absorb a part of the
radiation. The diffuse radiation then reaches the earth as nonparallel light
from all directions.

2.2.5.1 Scattered Radiation

The scattered radiation gives the sky its brightness and color. The
color is a result of selective scattering at certain wavelengths as a function
of the size of the molecules and particles.

On a clear day the amount of scattering is very low because there are
few particles and water droplets. The clear sky can be as little as 10~° as
bright as the surface of the sun. This sky radiation is called "diffuse radiation"
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in this document. The total energy contribution from the diffuse radiation from
the entire sky hemisphere to a horizontal surface is only between 0. 0007 and
0.014 W cm™2 (0.01 and 0. 20 g-cal cm™%),

As a black body radiator, .the clear sky is considered equivalent to a
cold source (about -15°C). The temperature of the clear sky is the same
during the daytime as at nightime. Values of sky radiation for several locali-
ties are given in Table 2. 5. It is the clear sky at night acting as a cold sink,
without the solar radiation heating the surface of the earth, that causes air
temperatures to be lower than the daytime values.

With clouds the amount of diffuse radiation is greater. The total
hemisphere during an overcast day may contribute as much as 0. 069 W ¢cm™
(1.0 g-cal em™2) of radiation to a horizontal surface.

2

The greater scattering by clouds makes the effective temperature of
the clouds warmer than the clear air. At night the clouds act as a barrier
to the outgoing radiation. Since they are warmer than the clear sky, the air
near the ground will not cool to as low a temperature.

2.2.5.2 Absorbed Radiation

The various gases in the atmosphere selectively absorb some of the
incoming radiation. Absorption changes some of the radiation into heat or
radiation at wavelengths different from that received. Absorption by gases is
observed in the solar spectrum as bands of various widths. The major gases
in the earth's atmosphere, which show as absorption bands in the solar
spectrum, are water vapor, carbon dioxide, ozone, and molecular oxygen.

2,3 Average Emittance of Colored Objects

In thermal engineering studies, the color of a painted surface is not
important when one considers low-temperature radiation, i.e., from 10°* to
68°C, since most painted surfaces have the same absorptivity at these low
temperatures. Colored surfaces may differ in absorptivity. In Reference 2. 4,
a table on page 38 lists values of emissivity and absorptivity for various sur-
faces and different colors of paint exposed to solar radiation. Similar data
are given in other publications but give either a range of values or mean values
for the type of surface. The change of temperature (above or below the air
temperature),, which is the amount of heating or cooling, is proportional to the
emissivity or absorptivity; therefore, the accuracy of determining the tempera-
ture of a surface is related to the accuracy of the emissivity and absorptivity.
Spectral distribution curves of emittance are available for many surfaces.
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The average emittance of any surface can be computed by the following method:

a. Divide the spectral emittance curve (i.e., Figure 2. 1) into small
intervals that have little or no change of emittance within the interval.

b. Using the same intervals from the spectral distribution of radiation
(i. e. from Table 2. 1), multiply each value of emittance over the selected
interval by the percentage of radiation over the interval.

c. Sum the resultant products to give the average emittance.
Table 2. 2 is an example of such computations. Data from Figure 2. 1 and

Table 2. 1 are used. Similar computations can be accomplished for other
sources of radiation such as the night sky or from cloudy skies.

-
N

1.0

0.8 - ;’f -

0.6

ol L S

0.0

EMITTANCE (RELATIVE REFLECTANCE)

03 05 1.0 15 20 25 3.0
WAVELENGTH ()

FIGURE 2.1 EMITTANCE OF BARIUM SULPHATE AND MAGNESIUM
OXIDE VERSUS WAVELENGTH

2. 4 Computation of Surface Temperature for Several Simultaneous
Radiation Sources

The extreme value of temperature which a surface may reach when
exposed to daytime (solar) or nighttime (night sky) radiation with no wind
(calm), assuming it has no mass or heat transfer within the object, is

T. =T +E(ATB) , (2.5)

S A S
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TABLE 2.2 COMPUTATION OF EMITTANCE OF WHITE PAINT EXPOSED
TO DIRECT SOLAR RADIATION AT THE EARTH'S SURFACE
Product of Aver-
Solar Solar age Emittance and
Radiation, | Radiation Percent Solar
1 Atmo- over Radiation over
Wavelength Average sphere Interval | Interval Divided
() Emittance | Emittance (%) (%) by 100
0. 300 0.73 0. 590 0.03 1.22 0.0072
0. 330 0.45 i.25
0. 410 1.55 0.0063
0. 350 0. 37 2. 80
0. 365 21, 00 0.0766
0. 500 0. 36 23. 80 )
0. 325 11,77 0.0382
0. 580 0.29 35. 57
0. 260 15. 54 0. 4040
0.700 0.23 51.11
0. 225 10. 37 0.0233
0. 800 0. 22 61, 48
0. 260 7.88 0.0205
0. 900 0.30 69. 36 -
0. 370 6.71 0.0248
1.000 0.44 76. 07
0.520 9. 32 0.0485
1. 200 0. 60 85. 39
0. 650 3. 44 0.0224
1.400 0.70 88. 83
0.745 4,57 0.0340
1.600 0.79 93. 40
0.810 3.01 0.0244
1. 900 0.83 0. 830 96. 41 3. 59 0. 0298
50. 000 0.83 ’ 100. 00 ' :
Sum = average emittance = 0. 396
where
TS = surface temperature (*K)
T A= air temperature (°*K)
E = emittance of surface
ATBS = increase in black body temperature (*K) from daytime

solar radiation (plus) or decrease in black body tempera-
ture (°K) from nighttime sky radiation (minus), calcu-
lated from
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L \1
TS
ATBS—< p ) —TA . (2.6)
Extreme values of ATBS can be obtained from Figure 2. 4A or Table 2. 8,
where
ITS = total radiation (solar by day) (sky for night) received at sur-
face. These values can be extremes from Tables 2. 3, 2. 4,
or 2.6 from this report.
o = Stefan-Boltzmann constant
= 8.1296 x 107! g_cal cm™2K™*
= 5.6692 x 1072Wem™2K™
I 1
The term (%S—) is equal to the extreme black body surface tempera-
ture.

If a correction for wind speed is desired, equation (2. 5) can be used
as follows:

B We
TS = TA+E(ATBS) 100 , (2. 5A)

where Wece is the correction for wind speed in percent from Figure 2. 4B.
Equations (2.5), (2.6), and (2.52) are only for computing the effect of one
source of radiation on a surface, When more than one radiation source is
received by an object, then a more complex method must be used, as given
in the following discussion.

If we have a black body with several radiation sources and no convection,
then

n
oT4 = Zri i=1,2,3...n . (2.7)
1
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Then \
n 4
V'
Ly Ii
- | _
T-TA = AT - TA , (2.8)
where T A is the air temperature.
For any object exposed to radiation in the earth's atmosphere
n 1
; E, L
AT=fw——0— -TA , (2.9)
where
Ei = emittance of object for corresponding radiation source Ii
AT = T-TA (2.10)
fw = wind effect (convection)
0. 325
f, = — (2.11
w o e )
w = wind speed (m/sec)
2.5 Total Solar Radiation

2.5.1 Introduction

The standard solar radiation sensors measure the intensity of direct
solar radiation from the sun falling on a horizontal surface plus the diffuse
(sky) radiation from the total sky hemisphere. Diffuse radiation is lowest
with dry clear air; it increases with increasing dust and moisture in the air.
With extremely dense clouds or fog, the measured horizontal solar radiation
will be nearly all diffuse radiation. The higher (= 95 percentile) values of
measured horizontal solar radiation occur under clear skies or under condi-
tions of scattered fair weather cumulus clouds which reflect additional solar

radiation onto the measuring sensor.
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In this document all solar radiation values given are intensitites. Solar
radiation intensities are measured in gram calories per square centimeter
(same as langleys per square centimeter) by stations of the National Oceanic
and Atmospheric Administration, National Weather Service; therefore, these
units are used in this section. Intensities of solar radiation are numerically
equal to solar insolation per minute; i. e. , gram calories per square centimeter
per minute.

2.5.2 Use of Solar Radiation in Design

When radiation data are used in design studies, the direct solar
radiation should be applied from one direction as parallel rays, and at the
same time, the diffuse radiation should be applied as rays from all directions
of a hemisphere (Figure 2, 2).

\ ! / / Direction
SR \ v 4 7/ / e 15 the
n 4 / Sun

¢ Direct Solar Radiation
- - Diffuse (Sky) Radiation

FIGURE 2.2 METHOD OF APPLYING RADIATION FOR DESIGN

Because the sun provides heat (from radiation) from a specific direc-
tion, differential heating of an object occurs; i.e., one part is heated more
than another, resulting in stress and deformation. As an example, the sun
heats the side of the Apollo/Saturn V vehicle facing the sun, while the sky cools
the opposite side. This differential heating causes the vehicle to bend away
from the sun sufficiently at the top to require consideration in design of plat-
forms surrounding the vehicle. These platforms are used to ready the vehicle
on the launch pad and must be designed so as to prevent damage to the vehicle
skin as the vehicle bends away from the sun.
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2.5.3 Total Solar Radiation Extremes

Ten years of total horizontal solar and sky radiation data at two
stations were selected for analysis to determine the frequency distribution of
solar radiation for use in design. The data analysis was made by The National
Oceanic and Atmospheric Administration, National Climatic Center, under
contract to NASA-Marshall Space Flight Center.

2.5.3.1 Basic Data Computations

The basic data used were hourly totals of horizontal solar and sky
radiation (ITH) for each hour of the day for 10-year periods at each of two

stations: Apalachicola, Florida, and Santa Maria, California. The hourly
totals were divided by 60 to obtain the average solar radiation values per
minute for each hour. The average values per minute are numerically equal
to intensity , and these values were used in the computations of frequency dis-
tributions. The diffuse sky radiation intensities IDH were empirically esti-

mated for each value based on the amount of total horizontal solar and sky
radiation and solar altitude, similar to the method used in Reference 2. 5.
After the diffuse sky radiation is subtracted from the total horizontal solar and
sky radiation, the resultant horizontal solar radiation I can be used to com-
pute the direct normal incident solar radiation LDN by using the following
equation (Refs. 2.6 and 2.7):

1
Ion = sin b ’ (2.12)
where
IDN = direct normal incident solar radiation
I = horizontal solar radiation = ITH -1 dH

b = sun's altitude! (Ref.2. 8).

The total normal incident solar radiation ITN values were found

by adding the direct normal incident solar radiation LDN and the diffuse sky

radiation I dH previously estimated. This method of finding the total normal

1. Horizon system of coordinates such as those used by surveyors and
astronomers.
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incident solar radiation may result in a slight overestimate of the value for low
solar altitudes because the sky hemisphere is intercepted by the ground sur-
face. This error is insignificant, however, when extreme values are used

and would be small for values equal to or greater than the mean plus one
standard deviation.

Total solar radiation intensities on a south-facing surface, with the
normal to the surface at 45 degrees to the horizontal, are calculated as follows:

ID45 = I(sin 45 deg + cot b cos a cos 45 deg) |, (2.13)
where

ID 45 intensity of direct solar radiation on a south-facing surface,
with normal 45 degrees to the horizontal

TH ‘IdH

bt
il

horizontal solar radiation = I

a = sun's azimuth measured from south direction
b = sun's altitude.
2.5.3.2 Solar Radiation Extreme and 95 Percentile

To present the solar radiation data in a simplified form, the month
of June was selected to represent the summer and the longest period of day-
light and December for the winter and shortest period of daylight. The June
data for normal incident solar radiation from Santa Maria, California, were
increased for the period from 1100 to 1900 hours to reflect the higher values
which occur early in July (first week) during the afternoon. Tables 2. 3 and
2. 4 give the frequency distributions for the extreme? values and the 95 per-
centile values of solar radiation for hours of the day. The values given for
diffuse radiation are the values which occurred associated with the other
extreme and 95 percentile values of the other solar radiations given, Since
the diffuse radiation decreases with increasing horizontal radiation, the values
given in Tables 2. 3 and 2. 4 are considerably lower than the highest values of
diffuse radiation occurring during the period of record. Figure 2, 3 shows the
June total horizontal and total normal incident data for the Eastern Test Range,
New Orleans, Gulf Transportation, and Huntsville.

2, Extreme as used in this section is the highest measured value of
record.
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2.5.3.3 Variation with Altitude

Solar radiation intensity on a surface will increase with altitude
above the earth's surface, with clear skies, according to the following

equation:

P
Iy = Ipy+(94-1p0) " hg : (2. 14)
where
[H = intensity of solar radiation normal to surface at required
height
I = intensity of solar radiation normal to surface at the earth's

surface assuming clear skies (IDN =L g-1 dH)

an = atmospheric density at required height (from U. S. Standard,
U.S. Supplemental Atmospheres, or this document) (kg m~3)

ps = atmospheric density at sea level (from U. S. Standard, U. S.
Supplemental Atmospheres, or this document) (kg m™3)

1.94 = solar constant (g-cal cm™?),

The diffuse radiation I JH decreases with altitude above the earth's

surface, with clear skies. A good estimate of the value can be obtained from
the following equation®:

IdH = 0.7500 - 0, 4076 IH s (2.15)

where

1 intensity of diffuse radiation

dH

Ty

Equation (2, 15) is valid for values of IH from equation (2. 14) up to 1. 84

intensity of solar radiation normal to surface.

g-cal cm~2, For values of I, greater than 1.84 g-cal cm™2, 1 —_—

3. Equation (2. 15) is based on a cloudless and dust free atmosphere.
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2.5.3.4 Solar Radiation during Extreme Conditions

sity to use with corresponding wind speeds are given in Table 2. 5.

When ground winds occur exceeding the 95, 99, or 99. 9 percentile
design winds given in this document in Section V, the associated weather
normally is such that clouds, rain, or dust are generally present; therefore,
the intensity of the incoming solar radiation will be less than the maximum
values given in Tables 2. 3 and 2. 4. Maximum values of solar radiation inten-

TABLE 2.5 SOLAR RADIATION MAXIMUM VALUES ASSOCIATED
WITH EXTREME WIND VALUES

Maximum Solar Radiation { Normal Incident)

Steady-State
Ground

Huntsville, New Orleans River Transportation,
Gulf Transportation, Eastern Test Range,

White Sands Missile Range

Wind Speed Western Test Range, Sacramento, West
at 18 m Coast Transportation and Wallops Test Range
Height
(m sec™!) {(kIm™? sec™!)| (g-cal em=2min™ Y| (BTU {t"2hr Y | (kIJm-2sec-!) | (g-cal em~2min~!) | (BTU ft-2hr™Y)
10 0. 84 1,20 265 1.05 1.50 332
15 0. 56 0. 80 177 0.70 1. 00 221
=20 0.35 0. 50 111 0. 56 0. 80 177
2,6 Temperature

Several types of temperatures at the earth's boundary layer may be
considered in design. These are as follows:

a.

above a grass surface.

occur in less than 24 hours are considered. )

to radiation.

dl

Temperatures within a closed compartment.

Air temperature normally measured at 1. 22 meters (4 ft)

Changes of air temperature (Usually the rapid changes which

Surface or skin temperature measured of a surface exposed

All of the above will be discussed in the following subsections.
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2.6.1 Air Temperature Near the Surface

Surface air temperatures are presented in Table 2. 6 for various
geographic areas. The maximum extremes and minimum extremes and the
95 percentile values are given for the worst month based on 50 years of record.
Values for extreme minimum sky radiation (equal to outgoing radiation) are
also given in Table 2, 6. Maximum and minimum temperature values should
be expected to last only a few hours during a daily period. Generally, the
extreme maximum temperature is reached after 12 noon and before 5 p.m.,
while the minimum temperature is reached just before sunrise. Table 2.7
. shows the maximum and minimum air temperatures which have occurred on
"~ each hour at the Eastern Test Range (Cape Kennedy), but not necessarily on
the same day, although these curves represent a cold and hot extreme day.
The method of sampling the day (frequency of occurrence of observations) will
result in the same extreme values if the same period of time for the data is
used, but the 95 percentile values will be different for hourly, daily, and
monthly data reference periods. Selection of the reference period depends on
engineering application.

2.6.2 Extreme Air Temperature Change

a. For all areas the design values of extreme air temperature
changes (thermal shock) are:

(1) An increase of air temperature of 10°C (18° F) with a
simultaneous increase of solar radiation (measured on a normal surface) from
0. 50 g-cal cm™2 min™! (110 BTU ft™2hr™!) to 1. 85 g-cal em™2 min~! (410 BTU
ft"2hr-!) may occur in a 1-hour period. Likewise, the reverse change of the
same magnitude may oocur for decreasing air temperature and solar radiation.

(2) A 24-hour change may occur with an increase of 27.7° C
(50°F) in air temperature in a 5-hour period, followed by 4 hours of con-
stant air temperature, then a decrease of 27.7°C (50°F) in a 5-hour period,
followed by 10 hours of constant air temperature.

b. For Eastern Test Range (Cape Kennedy, Florida), the 99.9
_ percentile air temperature changes are as follows:

(1) An increase of air temperature of 5. 6*C (11°F) with a
simultaneous increase of solar radiation (measured on a normal surface) from
0. 50 g-cal cm™2 min™! (110 BTU ft"2hr™!) to 1. 60 g-cal cm™? min™"

(354 BTU ft™2 hr™!), or a decrease of air temperature of 9. 4°C (17°F) with
a simultaneous decrease of solar radiation from 1.60 g-cal cm™2 min~!

(354 BTU ft™2hr™!) to 0. 50 g~cal cm™2 min™! (110 BTU £t2hr~!) may occur
in a 1-hour period.
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TABLE 2.6 SURFACE AIR AND SKY RADIATION
TEMPERATURE EXTREMES

Surface Air a Sky Radiation
Temperature Extremes
Equivalent
Maximum Minimum Temperature Equivalent
Minimum Radiation
Area Extreme 95% Extreme 95% Extreme (g-cal cm™? min™1)
Huntsville c| 439 41.7° -23.3 21,7° -30.0 0. 28
*F 111 107b -10 -7h -22
River °C 43.9 NA -30.6 NA -37.2 0. 25
Transporatation °F 111 NA ~23 NA -85
New Orleans  °C 37.8 31,7° -12.8 7.8° -17.8 0.35
*F | 100 89° 9 46° 0
Gulf °C 40. 6 NA -12. 8 NA -17.8 0. 35
Transportation °F 105 NA 9 NA 0
Eastern °C 37.2 30. Oc -3.9 12. 2c ~-15.0 0. 36
Test Range
*F 99 86° 25 54° 5
°C 37.2 31.7d -3.9 6.7d
*F 99 89 d 25 44 d
Panama Canal *C 41. 7 NA -12. 8 NA 15.0 0. 36
Transportation °*F 107 NA 9 NA 5
Space and °c 41,7 31.1°€ -2.2 3.9 -15.0 0. 36
Missile Test .F 107 88° 28 39¢ 5
Center
West Coast °C 46. 1 NA -6.1 NA -17.8 0.35
Transportation °*F 115 NA 21 NA 0
Sacramento °C 46, 1 e -6.1 e -17. 8 0. 35
°F 115 e 21 e 0
White Sands ‘C 41,1 e -21,1 e -30.0 0. 28
Missile Range °F 106 e -6 e -22
Wallops °C 39.4 e -11.7 e ~17.8 0. 35
Test Range °F 103 e 11 e 0
Edwards AFB °C 43.3 39, 42 -15.0 - 3.9 -30.0 0.28
°F | 110 1088 5 25 -22

a. The extreme maximum and minimum temperatures will be encountered during
periods of wind speeds less than about 1 meter per second.

b. Based on worst month extreme

c. Based on hourly observations

d. Based on daily extreme (maximum or minimum) observations.

e. To be determined




2.25

TABLE 2.7 MAXIMUM AND MINIMUM SURFACE AIR TEMPERATURES
AT EACH HOUR FOR EASTERN TEST RANGE*

. Annual Annual
Time . .
Maximum Minimum
°C °F °C °F
ia.m 28.9 84 1.1 34
2 28.9 84 0.6 33
3 29.4 85 -1.1 30
4 28.3 83 -0.6 -29
5 28.3 83 -1.1 28
6 29,4 85 -1.1 27
7 30.6 87 -1.7 26
8 30.6 87 -2.2 25
9 31.7 89 -0.6 28
10 33.9 93 1.1 30
11 35.0 95 2.2 35
12 noon 35.6 96 5.0 41
i p.m. 37.2 99 5.6 42
2 35.6 97 5.0 41
3 35.6 97 5.6 42
4 35.6 97 5.6 42
5 35.6 97 5.6 42
6 35.0 95 3.9 39
7 33.3 92 2.2 36
8 31,7 89 2.2 36
9 30.0 86 1.7 35
10 30.0 86 1.7 35
11 30.0 86 1.1 34
12 mid 30.0 86 1.1 34
4. Based on 10 years of record for Patrick Air Force Base and

Cape Kennedy.
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(2) A 24-hour temperature change may occur as follows: An
increase of 16. 1°C (29°F) in air temperature (wind speed under 5 m/sec) in
an 8-hour period, followed by 2 hours of constant air temperature (wind
speed under 5 m/sec), then a decrease of 21, 7°C (39°F) in air temperature
(wind speed between 7 and 10 m/sec) in a 14-hour period.

2.6.3 Surface (Skin) Temperature

The temperature of the surface of an object exposed to solar, day
sky, or night sky radiation is usually different from the air temperature
(Refs. 2.9 and 2.10). The amount of the extreme difference in temperature
between the object and the surrounding air temperature is given in Table 2. 8
and Figure 2. 4, Part A, for exposure to a clear night (or day)5 sky or to the
sun on a clear day. Since the flow of air across an object changes the balance
between the heat transfers from radiation and convection-conduction between
the air and the object, the difference in the temperature between the air and
the object will decrease with increasing wind speed (Ref. 2.9). Part B of
Figure 2. 4 provides information for making the corrections for wind speed.
Values are tabulated in Table 2. 8 for various wind speeds.

2.6.4 Compartment Temperature
2.6.4.1 Introduction

A cover of thin material enclosing an air space will conduct heat to
(or remove heat from) the inside air when the cover is heated by solar radia-
tion (or cooled by the night sky). This results in the compartment air space
‘being frequently considerably hotter or cooler than the surrounding air. The
temperature reached in a compartment is dependent on the location of the air
space with respect to the heated surface, the type and thickness of the sur-
face material, the type of construction, and the insulation; i. e., an addition
of a layer of insulation on the inside surface of the compartment will greatly
reduce the heating or cooling of the air in the compartment space (Refs. 2, 11
and 2.12).

2.6.4.2 Compartment Extreme High Temperature

A compartment probable extreme high temperature of 87.8°C (190°F)
for a period of 1 hour and 65.6°C (150°F) for a period of 6 hours must be
considered at all geographic locations while aircraft or other transportation
equipment are stationary on the ground without air conditioning in the compart~
ment. These extremes will be found at the top and center of the compartment.

5. Without the sun's rays striking, the daytime sky is about as cold as
the nighttime sky.
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FIGURE 2. 4 EXTREME SURFACE (skin) TEMPERATURE OF AN OBJECT
NEAR THE EARTH'S SURFACE (0 to 300m) FOR CLEAR SKY
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2.7 Data on Air Temperature Distribution with Altitude

Data on air temperature distribution with altitude are given in
Section XIV
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SECTION IIl. HUMIDITY

By

Glenn E, Daniels

3.1 Definitions. (Ref, 3, 1)

Dew point is the temperature to which a given parcel of air must be cooled
at constant pressure and constant water vapor content in order for saturation to

occur, Further cooling below the dew point normally produces condensation
or sublimation,

Relative humidity is the ratio of the actual amount of water vapor in a given
volume of air to the amount of water vapor that the same volume of air at the
same temperature holds if saturated. Values given are in percent.

Vapor concentration [previously called absolute humidity (Ref. 3. 2)] is the
ratio of the mass of water vapor present to the volume occupied by the mixture,
i.e., the density of the water vapor content. This is expressed in grams of
water vapor per cubic meter of air. '

Water vapor is water in gaseous state,

3.2 Vapor Concentration.

Water in vapor form in the atmosphere is invisible; however, the amount
of liquid water available from a volume of warm air near saturation is consider-
able and must be considered in design of space vehicles because:

a. Small solid particles (dust) which settle on surfaces cause condensa-
tion (frequently when the atmosphere is not at the saturation level) and will dis-
solve. The resultant solution may be corrosive. Galvanic corrosion resulting
from contact of dissimilar metals also takes place at a rapid rate in the presence
of moisture. The rate of corrosion of the surface increases with higher humidity
(Ref. 3.3). See Section X of this document for further details.

b. Humidity conditions can impair the performance of electrical equipment.
This may be by an alteration of the electrical constants of tuned circuits, deteri-
oration of parts (resistors, capacitors, etc.), electrical breakdown of air gaps
in high-voltage areas, or shorting of sections by conductive solutions formed
from solid particles dissolving in the liquid formed.
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c. To grow well, bacteria and fungi usually require high humidities
associated with high temperatures.

d. A decrease in the temperature of the air to the dew point will result
in condensation of water from the atmosphere in liquid or frozen form. Consid-
erable difficulty may result from ice forming on space vehicles when moist air
is cooled by the low temperature of the fuel, especially if pieces of this ice
should drop into equipment areas of the vehicle or supporting ground equipment
before or during takeoff. Optical surfaces (such as lenses of television cameras)
may become coated with water droplets or ice crystals.

Test specifications still use an accelerated humidity test of temperature
of 71.1°C (160°F) at a relative humidity of 95 percent +5 percent for 10 cycles
of 6 hours each spread over a total period of 240 hours. This represents a dew
point of 68.9°C (156°F), values that are much higher than any natural extreme
in the world. Dew points above 32.2°C (90°F) are extremely unlikely in nature
(Ref. 3.4), since the dew point temperature is limited by the source of the
water vapor; i.e., the surface temperature of the water body from which the
water evaporates (Ref. 3.5). These tests with high temperatures can be
advantageously used only as an aggravated test if high temperatures are not
significant in the test after correlation of deterioration with that encountered
in natural extremes. Also, if the mass of the test object is large, moisture
may not condense on the test object because of thermal lag in the test object.
Therefore, referenced specifications for tests which require high temperature
must be carefully evaluated and should be used as guidelines along with this
document.

3.2.1 High Vapor Concentration at Surface.

a. Huntsville, River Transportation, New Orleans, Gulf Transportation,
Eastern Test Range, and Wallops Test Range:

(1) The following extreme humidity cycle of 24 hours with a wind
of less than 5 m sec-! (9.7 knots) should be considered in design: Three hours
of 37.2°C (99°F) air temperature at 50 percent relative humidity and a vapor
concentration of 22.2 g m™3 (9. 7 gr ft3); six hours of decreasing air tem-
perature to 24.4°C (76°F) with relative humidity increasing to 100 percent
(saturation) ; eight hours of decreasing air temperature to 21. 1°C (70°F),
with a release of 3. 8 grams of water as liquid per cubic meter of air (1.7 gr
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of water per cubic foot of air), * humidity remaining at 100 percent; and seven
hours of increasing air temperature to 37.2°C (99°F) and a decrease to 50 per-
~ cent relative humidity (Fig. 3.1).

(2) An extreme relative humidity between 75 and 100 percent and
air temperature between 22.8°C (73°F) and 27.8°C (82°F), which would result
in corrosion and bacterial and fungal growths, can be expected for a period of
15 days. A humidity of 100 percent occurs one-fourth of the time at the lower
temperature in cycles not exceeding 24 hours. Any loss of water vapor from the
air by condensation is replaced from outside sources to maintain at least 75
percent relative humidity at the higher temperature.

b. Panama Canal Transportation:

(1) The following extreme humidity cycle of 24 hours with a wind
of less than 5 m sec~! (9.7 knots) should be considered in design: Three hours
of 32.2°C (90°F) air temperature at 75 percent relative humidity, and a vapor
concentration of 25.4 g m=3 (11.1 gr ft-3); six hours of decreasing air tem-
perature to 26.7°C (80°F) with relative humidity increasing to 100 percent;
eight hours of decreasing air temperature to 21.7°C (71°F) with a release of
6.3 grams of water as liquid per cubic meter of air (2. 8 gr of water per cubic
foot of air) ,* humidity remaining at 100 percent; four hours of increasing air
temperature to 26.7°C (80°F) and a decrease to 75 percent relative humidity;
and three hours of increasing air temperature to 32.2°C (90° F) with the relative
humidity remaining at 75 percent (moisture added to air by evaporation, mixing,
or replacement with air of higher vapor concentration). See Figure 3. 2.

(2) An extreme relative humidity between 85 and 100 percent and
air temperature between 23.9°C (75° F) and 26.1°C (79°F), which would result
in corrosion and bacterial and fungal growth, can be expected for a period of 30
days. The humidity should be 100 percent during one-fourth of the time at the
lower temperature in cycles not exceeding 24 hours. Any loss of water vapor
from the air by condensation is replaced from outside sources to maintain
at least 85 percent relative humidity at the higher temperature.

* The release of water as a liquid on the test object may be delayed for
several hours after the start of this part of the test because of thermal lag in a
large test object. If the lag is too large, the test should be extended in time for
each cycle to allow condensation.



3.

AONVY LSAL SAOTTIVM ANV ‘IONVYH ISAL NUALSVA
‘NOLLV.LHOdSNVYUL ATND ‘SNVATHO MAN ‘NOLLVILYOASNVHI HIAAIY
‘TTTIASLNNH HOd TTOAD NOLLVHINAONOD HOdVA HOIH INAYLXHA 7T°€¢ JUNDIA

(SYNOH) 1IAD 40 1¥V1S WOH4 IWLL

74 2 02 81 91 ¥l a 01 8 9 v 2 0 o
9|

. 02

g%&% K«\\\% g&ﬁﬂfo-.o-ooo.oooooo-oo-o.ooooooou 62

"\ //586 UNLYIIIWIL NOILYANLYS
AN a3SYI13Y ¥ILvM aIndIT h o
A v davm aindn v Q1001 .
\

TI0AD MOVHIIWALAIY ] o0

v

0

\ Om
] LT T10A0 ALIGIWNH IALYTRY |

01

- 43V 01NDIT 40 W 8 -0 NIV st

b\ \‘,L -
.‘I\n\\.\.l\.\!‘! \\ . ./.’4 - 0
YIUVM QINDI130 . wh'8'¢ 40 SS01 ) o
uﬁes zozqﬁzﬁzou_mon.;
o€

Qo) UNLYYIdWAL

{%) ALIGIWNH
ALY

w b) NOILYHINIONOD
40dVA

(.




w
o

NOLLV.LHOdSNVH.L TVNVD VINWVNVd HOJd
JTIA0 NOLLVUILNIONOD HOdVA HOIH ANWAULXT 2 'S TUNDII

(SHNOH) 3TIAD 40 L1Y¥VES WOY4 IWLL

ve a@ 02 8t 91 4 bAl o1 8 9 14 2 0
O....““P‘\.\\A
- JTOAD NNLYYIdWAL NOILVENLYS —
A% 0.000’..-0.00...."0'.000 tescccee ¢
- [\ L |
L

aINIVO ¥31VM Q101

@SVITY YILVM 01NDIT

——

J10AD JYNLYYIHWIL ¥IV

FIDAD ALIGIWNH JALLYIY T

\T

w
£

== 43(VM 01001 40

—¥VM QINDI 30 T

b¢9 Jo _,___<w

m-__am_.o 30'5501—

J10A2 NOILYYINIONOD ¥OdVA
| ] 1

ot
sl

174

113

14

001

0t
1

(14
0¢

(Jo) JUNLYYIdWIL

(%) ALIGIWNH
ELYINAEL]

w 6) NOILVYINIONOD
4OdVA

(.



3.6

(3) Equipment shipped from the West Coast, through the Panama
Canal by ship may accumulate moisture (condensation) while in the ship's hold
because of the increasing moisture content of the air while traveling south to
the Panama Canal, and the slower increase of temperature of the equipment be-
ing transported. This condensation may result in corrosion, rusting, or other
deterioration of the equipment (Ref. 3.6). Extreme values of condensation are:

, (a) Maximum condensation conditions occur during the period
between December and March, but condensation conditions may occur during all
months.

(b) The maximum dew point expected is 30.0°C (86° F), with
dew points over 21.1° C (70°F) for ship travel of 6 days prior to arrival at the
Panama Canal from the west coast, and for the remainder of the trip to Cape
Kennedy.

c. The Space and Missile Test Center, West Coast Transportation,
and Sacramento:

(1) The following extreme humidity cycle of 24 hours with a wind
of less than 5 m sec~! (9. 7 knots) should be considered in design: Three hours
of 23.9°C (75°F) air temperature at 75 percent relative humidity and a vapor
concentration of 16.2 g m=% (7.9 gr ft=%); six hours of decreasing air tem-
perature to 18.9°C (66° F) with relative humidity increasing to 100 percent;
eight hours of decreasing air temperature to 12. 8°C (55° F) with a release
of 5.0 grams of water as liquid per cubic meter of air (2.2 gr of water per
cubic foot of air),™ humidity at 100 percent; and seven hours of increasing air
temperature to 23.9°C (75°F) and the relative humidity decreasing to 75 per-
cent (Fig. 3.3). '

(2) Bacterial and fungal growth should present no problem because

of the lower temperatures in this area. For corrosion, an extreme humidity
of between 75 and 100 percent relative humidity and air temperature between
18.3°C (65°F) and 23.3°C (74°F) can be expected for a period of 15 days.
The humidity should be 100 percent during one-fourth of the time at the lower
temperature in cycles not exceeding 24 hours. Any loss of water vapor from
the air condensation is replaced from outside sources to maintain at least 75
percent relative humidity at the higher temperature.

% See footnote, page 3.3
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d. White Sands Missile Range: This area is located at 1216 meters
(4000 ft) above sea level, and is on the eastern side of higher mountains. The
mean annual rainfall of 250 ¢cm (10 inches) is rapidly absorbed in the sandy
soil. Fog rarely occurs. Therefore, at this location, a high-vapor concen-
tration need not be considered.

3.2.2 Low Vapor Concentration at Surface.

3.2.2.1 Introduction. Low water-vapor concentration can occur at very low
or at high temperatures when the air is very dry. In both cases, the dew points
are very low. However, inthe case of low dew points and high temperatures,
the relative humidity is low. When any storage area or compartment of a
vehicle is heated to temperatures well above the ambient air temperature

(such as the high temperatures of the storage area in an aircraft standing on

the ground in the sun), the relative humidity will be even lower than the relative
humidity of the ambient air. These two types of low water-vapor concentrations
have entirely different environment effects. In the case of low air temperatures,
ice or condensation may form on equipment while in the high temperature-low
humidity condition; organic materials may dry and split or otherwise deteriorate.
When a storage area (or aircraft) is considerably warmer than the ambient

air (even when the air is cold), the drying increases even more. Low relative
humidities may also result in another problem — that of static electricity.

Static electrical charges on equipment may ignite fuel or result in shocks to
personnel when discharged. Because of this danger two types of low water-
vapor concentrations (dry extremes) are given for the surface.

3.2.2.2 Surface Extremes of Low Vapor Concentration.

a. Huntsville, River Transportation, Wallops Test Range, and White
Sands Missile Range:

(1) A vapor concentration of 2.1 g m™ (0.9 gr ft=3), with an air
temperature of -11.7°C (+11°F) and a relative humidity between 98 and 100
percent for a duration of 24 hours, must be considered.

(2) A vapor concentration of 4.5 g m~3 (2.0 gr ft"s) , corresponding
to a dew point of =1.1°C (30°F) at an air temperature of 28.9°C (84°F) and a
relative humidity of 15 percent occurring for 6 hours each 24 hours, and a
maximum relative humidity of 34 percent at an air temperature of 15.6°C (60°F)
for the remaining 18 hours of each 24 hours for a 10-day period, must be con-

sidered.
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b. New Orleans, Guif Transportation, Panama Canal Transportation,
and Eastern Test Range:

(1) A vapor concentration of 4.2 g m=3 (1.8 gr ft73) | with an air
temperature of ~2.2°C (28°F) and a relative humidity of 98 to 100 percent for
a duration of 24 hours, must be considered.

(2) A vapor concentration of 5.6 g m=3 (2.4 gr ft% corresponding
to a dew point of 2.2°C (36°F) at an air temperature of 22.2°C (72°F) and a
relative humidity of 29 percent occurring for 8 hours, and a maximum relative
humidity of 42 percent at an air temperature of 15.6°C (60°F) for the remaining
16 hours of each 24 hours for 10 days, must be considered.

¢. Space and Missile Test Center:

(1) A vapor concentration of 4.2 g m-3 (1.8 gr ft~3), with an air
temperature of -2.2°C (28°F) and a relative humidity of 98 to 100 percent for
a duration of 24 hours, must be considered.

(2) A vapor concentration of 4.8 g m=3 (2.1 gr ft~3), corresponding
to a dew point of 0.0°C (32°F) at an air temperature of 37.8°C (100°F) and a
maximum relative humidity of 26 percent at an air temperature of 21.1°C (70° F)
for the remaining 20 hours of each 24 hours for 10 days, must be considered.

d. West Coast Transportation and Sacramento:

(1) A vapor concentration of 3.1 g m~% (1.4 gr £t-%, with an air
temperature of -6.1°C (21°F) and a relative humidity of 98 to 100 percent for
a duration of 24 hours, must be considered.

(2) A vapor concentration of 10. 1 g m™3 (4.4 gr ft"s) , correspond-
ing to a dew point of 11.1°C (52°F) at an air temperature of 37.8°C (100°F) and
a relative humidity of 22 percent occurring for 4 hours each 24 hours, and a
maximum relative humidity of 55 percent at an air temperature of 21.1°C (70° F)
for the remaining 20 hours of each 24 hours for 10 days, must be considered.

3.2.3 Compartment Vapor Concentration at Surface.
A low water-vapor concentration extreme of 10. 1 g m™3 (44. gr ft“s) ,

corresponding to a dew point of 11.1°C (52°F) at a temperature of 87.8°C
(190°F) and a relative humidity of two percent occurring for one hour, a linear
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change over a four-hour period to an air temperature of 37.8 C (100°F) and a
relative humidity of 22 percent occurring for 15 hours, then a linear change
over a four-hour period to the initial conditions, must be considered at all
locations.

3.3 Vapor Concentration at Altitude.

In general, the vapor concentration decreases with altitude in the tropo-
sphere because of the decrease of temperature with altitude. The data given
in this section on vapor concentration are appropriate for design purposes.

3.3.1 High Vapor Concentration at Altitude.

The following table present the relationship between maximum vapor

concentration and the associated temperature normally expected as a function
of altitude (Ref. 3.7).

a. Maximum Vapor Concentrations for Eastern Test Range, Table 3.1.
b. Maximum Vapor Concentrations for Wallops Test Range, Table 3.2.

¢. Maximum vapor concentrations for White Sands Missile Range,
Table 3. 3.

TABLE 3.1. MAXIMUM VAPOR CONCENTRATION FOR
EASTERN TEST RANGE

Temperature Associated
Geometric Vapor with Maximum Vapor
Altitude Concentration Concentration
(km) (ft) [(gm™)| (grit™) (°C) (°F)
SRF (0.005 MSL) (16) | 27.0 11.8 30.5 87
1 3,300] 19.0 8.3 24.5 76
2 6,600| 13.3 5.8 18.0 64 !
3 9, 800 9.3 4.1 12.0 54
4 13,100 6.3 2.8 5.5 : 42
5 16,400| 4.5 2.0 -0.5 | 31
6 19,700 2.9 1.3 -6.8 | 20 |
7 23,000 2.0 0.9 -13.0 [ 9
8 26,200 1.2 0.5 ~20.0 ; -4
9 29, 500 0.6 0.3 -27.0 | -17 !
10 32,800 0.3 0.1 -34.5 Io-s0 |
16.2 53, 100 0. 025, 0.01 -57.8 =72 l
20 65,600 0.08 0.03 -47.8 l -54 ]




TABLE 3. 2.

[
[
'S

MAXIMUM VAPOR CONCENTRATION FOR
WALLOPS TEST RANGE

Temperature Associated
Geometric Vapor with Maximum Vapor
Altitude Concentration Concentration
(km) (ft) [(g m™) | (gr it (*c) (°F)
SRF (0.002 MSL) (8)] 22.5 9.8 27.5 81
i 3,300 20.0 8.7 26.1 79
2 6,600( 13.9 6.1 17.2 63
3 9,800f 10.3 4.5 .- 12.8 55
4 13,100 7.4 3.2 7.8 46
5 16, 400 6.0 2.6 2.8 37
6 19,700 3.9 1.7 -1.1 30
7 23,000{ 2.6 1.1 -5.0 23
8 26,200 1.7 0.7 -11.1 12
9 29,500 0.9 0.4 -17.8 0
10 32, 800 0.4 0.2 -27.8 -18
16.5 54,100 0.08 0.03 47.2 -44
20 65,600 0.09 0.04 46, 2 -43
TABLE 3.3. MAXIMUM VAPOR CONCENTRATION FOR
WHITE SANDS MISSILE RANGE
Temperature Associated
Geometric Vapor with Maximum Vapor
Altitude Concentration Concentration
(km) (ft) (gm™) | (grft™) " C) (°F)
SRF (1.2 MSL) | (3, 989) 16.0 7.0 21.5 70
2 6,600 13.2 5.8 18.9 66
3 9, 800 9.0 3.9 12.8 55
4 13,100 6.8 3.0 7.8 46
5 16, 400 4.9 2.1 2.2 36
6 19, 700 3.4 1.5 -2.2 28
7 23, 000 2.2 1.0 -10.0 14
8 26, 200 1.3 0.6 -16.1 3
9 29,500 0.6 0.3 -22.8 -9
10 32, 800 0.2 0.1 -30.0 -22
i6.5 54, 100 0.08 0.03 -47.8 -44
20 65,600 0.05 0.02 -52.2 -47
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3.3.2 Low Vapor Concentration at Altitude

The values presented as low extreme vapor concentrations in the follow-
ing tables are based on data measured by standard radiosonde equipment.

a. Minimum Vapor Concentrations for Eastern Test Range, Table 3. 4.
b. Minimum Vapor Concentrations for Wallops Test Range, Table 3. 5.

¢. Minimum Vapor Concentrations for White Sands Missile Range,
Table 3. 6.

TABLE 3.4. MINIMUM VAPOR CONCENTRATIONS FOR
EASTERN TEST RANGE

Temperature Associated

Geometric Vapor with Minimum Vapor
Altitude Concentration Concentration
(km) (ft) |(gm7) | (gr &7 (°C) (°F)
SRF (0.005 MSL) (16) 4.0 1.7 29 84.2
i 3,300 0.5 0.2 6 42.8
2 6,600 0.2 0.1 0 32.0
3 9, 800 0.1 0.04 -11 12.2
4 13,100 0.1 0.04 -14 6.8
TABLE 3.5. MINIMUM VAPOR CONCENTRATION FOR
WALLOPS TEST RANGE
Temperature Associated
Geometric Vapor with Minimum Vapor
Altitude Concentration Concentration

(km) (ft) [(gm™®) | (grft-) (°C) (°F)

SRF (0.002 MSL) (8) 0.5 0.2 -4 24.8

1 3,300 0.3 0.1 -11 12.2

2 6, 600 0.2 0.1 -17 1.4

3 9, 800 0.2 0.1 -23 -9.4

4 13,100 0.2 0.1 -31 -23.8

5 16, 400 0.1 0.04 -39 -38.2

7.5 24, 600 0.08 0.03 47 -43.9

10 32, 800 0.017 0.007 -61 -51.7




TABLE 3.6. MINIMUM VAPOR CONCENTRATION FOR

WHITE SANDS MISSILE RANGE
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Temperature Associated

Geometric Vapor with Minimum Vapor
Altitude Concentration Concentration

(km) (ft) |[(gm™®) | (grt™®) (°C) (°F)

SRF (1.2 MSL) (3,989) 1.2 0.5 -1 30.2

2 6,600 0.9 0.4 -5 23.0

3 9, 800 0.6 0.3 -12 10.4

4 13,100 0.4 0.2 -20 -4.0

5 16, 400 0.2 0.1 -26 -14.8

6 19, 700 0.1 0.04 -36 -37.8

7 23,000} 0.09 0.03 -42 -41.1

8 26,200 0.07 0.03 -49 -45.0

9 29, 500 0.03 0.01 -55 -48.3

10 32, 800 0.02 0.01 -60 -51.1
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SECTION IV, PRECIPITATION
By

Glenn E, Daniels

4.1 Definitions. ( Ref. 4.1)

Precipitation is defined as all forms of hydrometeors, whether liquid or
solid, which are free in the atmosphere and which may or may not reach the
ground. Accumulation is reported in inches of depth for liquid, or in inches of
depth of water equivalent, for frozen water particles.

Snow is defined as all forms of frozen precipitation except large hail; it en-
compasses snow pellets, snow grains, ice crystals, ice pellets, and small hail.

Hail is precipitation in the form of balls or irregular lumps of ice, and
is always produced by convective clouds. Through established convention, the
diameter of the ice must be 5 mm or more, and the specific gravity between
0.60 and 0. 92 to be classified as hail.

Ice pellets are precipitation in the form of transparent, more or less
globular, hard grains of ice under 5 mm in diameter, that rebound when striking
hard surfaces.

Small hail is precipitation in the form of semitransparent, round or conical
grains of frozen water under 5 mm in diameter. Each grain consists of a nucleus
of soft hail (ball of snow) surrounded by a very thin ice layer. They are not
crisp and do not usually rebound when striking a hard surface.

Precipitable water is the total atmospheric water vapor contained in a
vertical column of unit cross-sectional area extending between any two specified
levels. It is usually given as inches of water (if vapor were completely condensed).

4,2 Rain.

Although most long-duration rainfall world records (monthly or yearly)
have been for regions far removed from the areas of interest for large space
vehicle launch and test operations, the world maximum amount of short-duration
rainfall has occurred in the thunderstorms or tropical storms within the United
States, in the Gulf of Mexico, or in Canal Zone areas. A study of the rate of




rainfall, compared with duration, shows that the average rate (per hour) de-
creases as the duration increases. Equipment must withstand both prolonged
soaking rain and brief downpours. The following precipitation values at an
air temperature between 21. 1°C (70°F) (night) and 32.2°C (90°F) (day) are
adequate for most design problems, although considerably less than world
record extremes,

4,2.1 Rainfall at Surface,

a, Extreme Amounts. The design rainfall for the areas of interest
are as follows:

(1) Huntsville, Eastern Test Range, SAMTEC, Sacramento,
West Coast Transportation, River Transportation, White Sands Missile Range,
and Wallops Test Range, rainfall information is given in Table 4. 1.

(2) Gulf Transportation, Panama Canal Transportation, and New
Orleans rainfall information is given in Table 4. 2.

TABLE 4.1 DESIGN RAINFALL RATES FOR HUNTSVILLE, EASTERN
TEST RANGE, SAMTEC, SACRAMENTO, WEST
COAST TRANSPORTATION, RIVER TRANSPORTATION,
WALLOPS TEST RANGE, AND WHITE SANDS MISSILE RANGE

Time Period 1 min 1 hour 24 hours
Total Amount (mm) 7.6 64 305
(in.) 0.3 2.5 12
Rate (mm/hr) 456 64 13
(in. /hr) 18.0 2.5 0.5
lAverage Drop Diameter (mm) 3.8 2.6 2.0
iAverage Rate of Fall (m/sec) 8.5 7.3 6.4
Peak Wind Speed (m/sec) 20 20 20
Average Wind Speed (m/sec) 6 6 4.5
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TABLE 4.2 DESIGN RAINFALL RATES FOR GULF TRANSPORTATION,
PANAMA CANAL, AND NEW ORLEANS

Time Period 1 min 1 hour 24 hours
Total Amount (mm) 12,7 102 508
(in.) 0.5 4 20
Rate (mm/hr) 762 102 21
(in. /hr) 30.0 4,0 0.8
Average Drop Diameter (mm) 4.1 2.9 1.8
Average Rate of Fall (m/sec) 8.8 7.6 6.1
Peak Wind Speed (m/sec) 20 20 20
Average Wind Speed (m/sec) 6 6 4.5

b. Probability of Precipitation Not Exceeding Selected Amounts. The
probability of precipitation not exceeding selected amounts on any one day was
determined by a study of six years of data at Cape Kennedy, Florida. This
information is given in Table 4. 3.

4.2,2 Rainfall at Altitude.

Rainfall rates normally decrease with altitude when rain is striking
the ground. The rainfall rates at various altitudes in percent of the surface
rates are given in Table 4. 4 for all areas (Ref. 4. 2),

The precipitation above the ground is generally colder than at the
ground and frequently occurs as supercooled drops which can cause icing on any
object moving through the drops. Such icing can be expected to occur when the
air temperature is -2.2°C (28°F). The amount of icing (i.e., rate of formation)
is related to the speed and shape of the object. For the geographic areas
considered in this report, these conditions usually occur between 3 and 10 km
altitude.
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TABLE 4,3 PROBABILITY THAT PRECIPITATION WILL NOT
EXCEED A SPECIFIC AMOUNT IN ANY ONE
DAY, EASTERN TEST RANGE

(nches) MONTH
JAN FEB MAR APR MAY JUNE
% %o % %o % %
0. 00 79.0 75.7 68. 8 75. 6 76. 3 59. 4
0. 05 86. 6 82. 8 73.7 85. 5 84, 4 68. 9
0. 20 90. 3 86. 4 80, 1 90, 0 o1. 4 74. 4
0. 50 93. 0 89. 3 87. 1 95. 0 95. 7 86. 1
1.00 96. 2 96. 4 95,7 97. 8 99, 5 96. 1
2. 00 98. 9 100, 0% 98. 9 100.0%  100. 0% 98, 9
5. 00 100, 0% 100, 0% 99. 5 100.0%  100.0x 100, 0%
ﬁ?ﬁgﬁzif MONTH
JULY AUG SEPT OCT NOV DEC
% % % %o % %
0. 00 61.8 59, 1 52. 8 65. 6 75. 0 75. 8
0. 05 69. 4 66. 1 63. 3 73. 1 81,7 86. 6
0. 20 79.6 74.7 73. 3 82. 3 89, 4 92.5
0. 50 87. 1 83,9 83. 9 90, 3 92. 8 95.7
1. 00 94. 1 92. 5 93. 9 96. 8 96. 7 98. 4
2. 00 97. 3 98, 4 97. 8 100.0%  100.0% 100, 0%
5. 00 100.0%  100.0%  100.0%*  100.0%  100.0%  100. 0%

* Although the available data records indicate no chance of exceeding certain
amounts of precipitation during most of the months, it should be realized that
the length of data studied is not long and that there is always a chance of any

meteorological extreme of record being exceeded.
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TABLE 4.4 DISTRIBUTION OF RAINFALL RATES WITH
HEIGHT FOR ALL LOCATIONS

Height (Geometric) Percent of
Above Surface (km) Surface Rate
SRF 100

1 90

2 75

3 57

4 34

5 15

6 7

7 2

8 1

9 0.1

10 and over <0.1
4.3 Snow.

The accumulation of snow on a surface produces stress. For a flat hori-
zontal surface, the stress is proportional to the weight of the snow directly above
the surface. For long narrow objects, such as pipes or wires lying horizontally
above a flat surface (which can accumulate the snow), the stress can be figured
as approximately equal to the weight of the wedge of snow with the sharp edge
along the object and extending above the object in both directions at about 45
degrees to the vertical. (In such cases, the snow load would be computed for
the weight of the snow wedge above the object and not the total snow depth on
the ground.) The weight of new fallen snow on a surface varies between 0.5
kg m-2 per cm of depth (0. 25 lb ft~2 in.~!) and 2. 0 kg m~? per cm of depth
(1.04 1b £ft~2 in.~1), depending on the weather situation at the time of snowfall.
When the amount is sufficient to be important in load design, the weight on the
surface is near 1.0 kg m=2 ecm=!(0.52 1b ft~2 in.~!). Snow on the ground be-
comes more dense, and the depth decreases with time.
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4.3.1 Snow Loads at Surface.
Maximum snow loads for the following areas are:

a. Huntsville, Wallops Test Range, and River Transportation areas.
For horizontal surfaces a snow load of 25 kg m~? (5.1 b ft™%) per 24-hour
period (equivalent to a 10-inch snowfall) to a maximum of 50 kg m~2 (10. 2 1bft=?)
in a 72-hour period, provided none of the snow is removed from the surface during
the period, should be considered for design purposes.

b. New Orleans, West Coast Transportation, White Sands Missile Range,
and Sacramento areas. For horizontal surfaces, a maximum snow load of 10 kg
m~2 (2.01b ft=2%) per one 24-hour period, should be considered for design
purposes.

4, 3.2 Snow Particle Size.

Snow particles may penetrate openings (often openings of minute size)
in equipment and cause malfunction of mechanical or electrical components,
either before or after melting. Particle size, associated wind speed, and air
temperature to be considered are as follows:

a. Huntsville, Wallops Test Range, and River Transportation areas.
Snow particles 0.1 mm (0,0039 in.) to 5 mm (0. 20 in. ) diameter; wind speed
10 m sec~! (19 knots); air temperature -17.8°C (0°F).

b. New Orleans, West Coast Transportation, White Sands Missile Range,
and Sacramento areas. Snow particles 0.5 mm (0. 020 in.) to 5 mm (0. 20 in. )
diameter; wind speed 10 m sec™! (19 knots); air temperature -5.0°C (23°F).

4.4 Hail,

Hail is one of the most destructive weather forces in nature, being exceeded
only by hurricanes and tornadoes. Hail normally forms in extremely well-
developed thunderstorms during warm weather and rarely occurs in winter months
or when the air temperature is below 0°C (32°F). Although the average diameter
of hailstones is 8 mm (0, 31 in.) (Ref. 4.3) , hailstones larger than 12,7 mm
(0.5 in.) in diameter frequently fall, while stones 50 mm (2. 0 in. ) in diameter
can be expected annually somewhere in the United States. The largest measured
hailstone in the United States was 137 mm (5. 4 in.) in diameter and had a weight
of 0.68 kg (1.51b) (Refs. 4.4, 4.5 and 4. 6). Three environmental effects on
equipment must be considered:




The accumulation of hail, as with snow, stresses the object by its weight.
Although hail has a higher density than snow, 2.4 kg m™% ecm™! (1,25 1b ft-2 in. ~1),
the extreme load from hail will not exceed the extreme snow load at any area of
interest; therefore, the snow load design will adequately cover any hail loads
expected.

Large hailstones, because of weight and velocity of fall, are responsible
for structural damage to property (Ref. 4.7). To actually designate locations
where hailstones, with specific sizes of hail, will fall is not possible. However,
the following information can be used as a guide for design and scheduling ( these
values are most applicable to the design of ground support equipment and protec-
tive covering for the space vehicles during the transporting of vehicles between
Huntsville and New Orleans). Hail as an abrasive is discussed in Section VI.

4,4,1 Hail at Surface.

a. Huntsville, River Transportation, Gulf Transportation, New Orleans,
Wallops Test Range, and White Sands Missile Range.

(1) A maximum hailstone size of 50 mm (2 in.) in diameter with an
occurrence probability of one time in 15 years.

(2) Damaging hailstorms occur most frequently between 3 p. m.
and 9 p. m. during May through September. April is the month of highest
frequency-of-occurrence of hailstorms for Huntsville, River Transportation,
and Gulf Transportation. March is the month of highest frequency-of-occurrence
of hailstorms for White Sands Missile Range, and May is the month of highest
frequency-of-occurrence of hailstorms for Wallops Test Range.

(3) The period of large hail (over 25 mm in diameter) will not be
expected to last more than 15 minutes and should have a maximum total accumu-
lation of 50 mm (2 in.) for depth of hailstones on horizontal surfaces.

(4) Velocity of fall equals 30.5 m sec™! (100 ft sec™?!) for each stone.

(5) Wind speed equals 10 m sec~! (33 ft sec™1).

(6) Density of hailstones equals 0. 80 g cm™ (50 Ib ft™3).
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b. Eastern Test Range.

(1) A maximum hailstone size of 25.4 mm (1 in.) in diameter with
an occurrence probability of one time in 30 years may be expected.

(2) Damaging hailstones occur most frequently between 3 p.m. and
9 p. m. during April through June. May is the month of highest frequency-of-
occurrence for hailstorms.

(3) The period of large hail will not be expected to last more than
15 minutes and should have a maximum total accumulation of 12. 5 mm (0.5 in.)
for depth of hailstones on horizontal surfaces.

(4) Velocity of fall equals 20 m sec™?! (66 ft sec™!) for each stone.
(5) Wind speed equals 10 m sec™! (33 ft sec™1).
(6) Density of hailstones equals 0. 80 g cm™ (50 1b ft-3).

4.4.2 Distribution of Hail with Altitude.

Although it is not the current practice to design space vehicles for flight
in thunderstorms, data on distribution with altitude are presented as an item of
importance. The probability of hail increases with altitude from the surface to
5 km and then decreases rapidly with increasing height. Data on Florida
thunderstorms, giving the number of times hail was encountered at various
altitudes during aircraft flights (Ref. 4. 8), are given in Table 4. 5 for areas
specified in paragraph 4. 4, 1,

TABLE 4.5 DISTRIBUTION OF HAIL WITH HEIGHT
FOR ALL LOCATIONS (Ref. 4. 8)

Occurrence of Hail
(percent of flights
through thunderstorms)

Height (Geometric)
Above Surface (km)

o MU W N
[
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SECTION V. WIND
By

Margaret B. Alexander, S. Clark Brown, Dennis W, Camp,
Glenn E. Daniels, George H. Fichtl, Kelly Hill,
John Kaufman, Orvel E. Smith, and William W. Vaughan

5.0 Introduction

A space vehicle's response to atmospheric disturbances cannot
be reduced to the evaluation of one set of response criteria, such as vehicle
loads, but it must include many response parameters, the choice of criteria
(parameters) depending upon the vehicle configuration and the specific mission.
It is also impractical to use only one response calculation method for all phases
of vehicle design. Therefore, the studies must be separated into their various
phases and parts, using different approaches and methods of evaluation, as the
particular phase demands. Although not independent, these phases include
(1) preliminary design, (2) final structural design, (3) guidance and control
system design and optimization (preliminary and final), and (4) establishment
of limits and procedures for launch and flight operations. Thus, the proper
selection, representation, and use of wind information require the skillfully
coordinated efforts of aerospace meteorologists and engineers.

Winds are characterized by three-dimensional motions of the air,
accompanied by large temporal and spatial variations. The characteristics
of these variations are a function of synoptic conditions, atmospheric stability,
and season, as well as the geographic location of the launch site. It is neces-
sary, therefore, to use good technical judgment and to consider the engineering
application of the wind data in preparing criteria that are descriptive and yet
concise. The wind environment affects the various vehicle design and opera-
tional problem areas in a different manner and requires a unique interpreta-
tion and application of the data for each analysis.

During the initial and intermediate phases of the development cycle,
the synthetic ground and inflight wind criteria concept has its major value and
contribution to the design. Although a certain overall vehicle performance
capability in terms of probability may be mentioned as a guideline, it is not
realistic to expect a design to be developed that will precisely meet this
specified performance capability because of the many unknowns in the vehicle
characteristics and design criteria. With the status of current space vehicle
technology it is not possible to make, as a result of design procedures or tests,
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a candid statement about the specific calculated overall design risk or
operational capability of a space vehicle. Therefore, it makes good engineering
sense to establish a set of idealized or synthetic ground and inflight wind
characteristics, which include such features as wind magnitude versus height of
profile, gust factors, turbulence spectra, wind shears, and directional features
of the wind. They may then be referenced and used in a consistent manner to
establish the preliminary and intermediate designs necessary to ensure
accomplishment of the expected range of missions for the vehicle development.
Furthermore, they assist in isolating those aspects of the wind structure
critical to a vehicle design area.

It is currently the accepted practice, which is further endorsed by this
report, to use the synthetic wind criteria approach described herein for NASA
space vehicle developments during the preliminary and intermediate design
phases. These criteria should be carefully formulated to ensure that the
appropriate data are employed for vehicle studies in order to be consistent
with the degree of resolution available from other vehicle input criteria and the
structural/control system simulation models. The synthetic wind profile
features may readily be employed to isolate specific design problem areas
without resorting to elaborate computations, which are not justified with
respect to the other unknown system parameters. In addition, by use of this
approach, the designer may, for example, closely approximate the steady-
state wind limits for a design or operational configuration. The other features
of the wind forcing function may be accommodated with a specified risk level.
Using these steady-state wind limits, a multitude of mission and performance
analysis studies can rapidly be accomplished relative to launch windows, etc.,
using the entire available historical record from the steady-state inflight wind
(rawinsonde) or ground wind measurement systems. Such records, described
in this section, are available for all major launch areas. These statistical
records and the synthetic profile concept are also adequate for bias of pitch
and yaw programs, range safety studies, preliminary abort analysis, and
related space vehicle operational problems.

When adequately documented and referenced, the synthetic wind criteria
concept provides a powerful tool for ensuring consistent design inputs for all
users, and it essentially avoids the problem of any oversight errors, which
may be very costly to correct in later development phases. Furthermore,
they enable various design teams to simultaneously conduct studies and to
compare their results on a common basis.

During the latter stages of a vehicle development program, when
adequate vehicle response data are available, it is considered highly desirable,
if not mandatory, to simulate the vehicle flight and response to actual wind
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velocity profiles. However, these wind profiles should contain an adequate
frequency content through at least the vehicle's first bending moment frequency.
Otherwise, only another preliminary design approximation is derived, and no
specific new design information is obtained relative to the synthetic wind pro-
file concept. The current acceptable practice is to use a selection of detailed
inflight wind profiles (resolution to at least one cycle per 100 meters) obtained
by the FPS-16 Radar/Jimsphere technique for the major launch range(s) of
concern. These data and their availability are discussed elsewhere in this
document. The number of flight performance simulations and detailed wind
profiles selected will depend upon the particular vehicle and the design pro-
blem involved and how well the vehicle characteristics were established during
the preliminary and intermediate design work. The vehicle simulation to
detailed inflight wind profiles should constitute, essentially, a verification of
the design. It should provide the design organization with added confidence

in the capability of the vehicle design and enable them to isolate any critical
areas requiring further indepth study to refine the control and structural
systems. ‘The profiles used should constitute a selection from the available
detailed wind profile records. This selection should be based upon the mission
objectives and should be established through discussions between the affected
design group and the cognizant organization concerned with wind criteria.

For the prelaunch simulation and flight evaluation of a space vehicle
relative to the inflight wind environment, it is recommended that established
ground wind reference height anemometers and detailed inflight wind profiles
measured by the FPS-16 Radar/Jimsphere system be used to provide adequate
resolution, accurate data, timely measurements, and rapid reduction scheme,
ensuring a prompt input into the prelaunch simulation program and flight
evaluation. It is during the prelaunch phase that accurate and near real-time
wind data are mandatory, especially if an almost critical launch wind condition
exists. The consequences are obvious. Furthermore, adequate flight evalua-
tions cannot be made without timely and accurate launch wind data.

The above remarks are intended to reflect some currently accepted
engineering practices for use of available wind data in the design, develop-
ment, mission analysis, prelaunch, and flight evaluation phases of a space
vehicle program. It is apparent that the wind input employed in terms of
resolution, accuracy, representativeness, etc., will depend upon the status
of the space vehicle design's use of reliable data that are consistent with the
design requirements at the particular stage of development. An understanding
of the use and limitations of wind data in making engineering decisions is
required for the design of a space vehicle for a given mission objective(s).
This can only be accomplished through a team relationship between the design
engineer and meteorologist concerned with wind criteria.



5.4

The information given in this section constitutes guidelines for data that
are applicable to various design problems. The selected risk levels employed
to determine those characteristics of the ground and inflight winds used in the
design are a matter of organizational design philosophy and management
decision. To maximize performance flexibility, it is considered best to
utilize those data associated with the minimum acceptable risk levels. In
addition, such critical mission related parameters as vehicle free-standing
period, launch windows, and launch turnaround period should be carefully
considered. Initial design work using unbiased (wind) trajectories on the basis
of nondirectional ground or inflight winds is recommended unless the vehicle
and its mission are well known and the exact launch azimuth and time(s) are
established and rigidly adhered to throughout the project. In designs that use
wind-biased trajectories and directional wind criteria, rather severe wind
constraints can result if the vehicle is used for another mission, different
flight azimuths, or in another configuration. Therefore, caution must be
exercised in the employment of wind data to ensure consistency with the physi-
cal interpretation relative to the specific design problem. References 5.1,
5.2, 5.3, 5.4, and 5. 5 are a few of the many works related to the problems
involved in using wind in space vehicle design programs.
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5.1 Definitions

The following terms are used in this section with the meanings
specified here.

5.1.1 Ground Winds

Ground winds are, for purposes of this document, winds below
a height of about 150 meters above the natural grade.

Average wind speed — See steady-state wind speed.

Gust is a sudden increase in the ground wind speed. It is fre-
quently stated with respect to a mean wind speed. A sudden decrease in the
wind speed is sometimes referred to as a gust (negative).

Free-standing winds are the ground winds that are applied when
the vehicle is standing on the launch pad (with or without fuel), after any
service structure, support, or shelter has been removed.

Gust factor is the ratio of peak ground wind speed to the average
or mean ground wind speed over a finite time period.

Launch design winds are the peak ground winds for which the
vehicle can be launched, normally involving a stated design wind at a reference
height plus the associated 3 o (~ 99. 9%) peak wind profile shape,

On-Pad winds are the ground winds that are applied when the
vehicle is on the launch pad with protective measures in place, i.e., service
structures, support, or shelter.

Peak wind speed is the maximum (essentially, instantaneous)
wind speed measured during a specified reference period, such as hour, day,
or moauth,

Steady-state or average wind speed is the mean over a period
of about 10 minutes or longer, of the wind speed measured at a fixed height.
T+ is usually assumed constant as, for example, in spectrum calculations.
Thus, the steady-state or average wind should be the mean which filters out,
over a sufficient duration, the effects that would very definitely contribute
to the random responses of aerospace vehicles and structures. The average
wind speed is sometimes referred to as quasi-steady-state winds.




Reference height (ground winds) is the height above the ground
surface (natural grade) at which wind speeds are referred for establishing
climatological conditions, reference for construction of design wind profiles,
and statements of a space vehicle's wind constraints. Normally during the
design and development phase a reference height near the base of the vehicle
is used. After completion of vehicle development, the operational constraints
are stated with respect to a reference height near the top of the vehicle, the
height of which is now established.

Causes of high groundwinds are summarized as follows:

a. Tornadoes: Upper limit unknown; estimated ~103 m/sec (200 knots).

b. Hurricanes: By definition, a tropical storm with winds > 33 m/sec
(64 knots), upper limit unknown; estimated ~ 82 m/sec (160 knots).

c. Tropical Storms: By definition, a storm with winds < 33 m/sec
(64 knots) and > 17 m/sec (34 knots).

d. Thunderstorms: Upper limit not defined; typical values ~ 23 m/sec
(45 knots) ; severe thunderstorm by definition > 26 m/sec (50 knots).

e. Frontal Passages: Without thunderstorms; typical to 18 m/sec
(35 knots) , with squalls same as for thunderstorms.

f. Pressure Gradients: Long duration winds; wind to ~ 31 m/sec
(60 knots) .

5.1.2 Inflight Winds
Inflight winds are those winds above a height of about 150 meters.

Design verification data tapes are a selection of detail wind profile
data compiled from FPS-16 Radar/Jimsphere data records for use in vehicle
final design verification analysis. They consist of a representative monthly
selection of wind profiles from which the integrated response of a vehicle to
the combined effect of speed, direction, shear, and turbulence (gusts) may be
derived. It has application to computation of absolute values of launch prob-
ability for a given vehicle.

Design wind speed profile envelopes are envelopes of scalar or
component wind speeds representing the extreme steady-state inflight wind
value for any selected altitude that will not be exceeded by the probability
selected for a given reference period.
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Detail wind profile is a wind profile measured by the FPS-16
Radar/Jimsphere or equivalent technique and having a resolution to at least
one cycle per 100 meter. Application intended for final design verification
purposes and launch delay risk calculations.

Steady-state inflight wind, in this document, refers to the mean
wind speed as computed by the rawinsonde system and averaged over approxi-
mately 600 meters in the vertical direction.

Reference height (inflight winds) is that referred to in construct-
ing a synthetic wind profile.

Scale-of-distance is the vertical distance between two wind
measurements (thickness of layer) used in computing wind shears.

Serial complete data represent the completion of a sample of
rawinsonde data (selected period) by filling in (inserting) missing data by
interpolation, by extropolation, or by use of data from nearby stations. Such
an operation is performed by professional meteorological personnel familiar
with the data.

Shear build-up envelope is the curve determined by combining
the reference height wind speed from the wind speed profile envelope with the
shears (wind speed change) below the selected altitude (reference height).
The shear build-up envelope curve starts at zero altitude difference (scale of
distance) and zero wind speed and ends at the design wind speed value at the
referenced altitude for inflight wind response studies.

Synthetic wind speed profile is a design wind profile representing
the combination of a reference height design wind with associated envelope
shears (wind speed change) and gusts for engineering design and mission
analysis purposes.

Wind shear wind speed change envelopes represents the value of
the change in wind speed over various increments of altitude (100 to 5000 m),
computed for a given probability level and associated reference height or
related wind speed value at the reference height. These values are combined,
and an envelope of the wind speed change is found useful in constructing
synthetic wind profiles. Usually the 99 percentile or larger probability levels
are used for design purposes.

5.1.3 General

Calm winds are these with a wind speed of less than 0.5 m/sec
(1 knot).



5.8

Component wind speed is the equivalent wind speed that any
selected wind vector would have if resolved to a specific direction, that is, a
wind from the northeast (45-deg azimuth) of 60 m/sec would have a compo-
nent from the east (90-deg azimuth) of (60) cos 45 deg = 42. 4 m/sec. This
northeast wind would be equivalent to a 42. 4 m/sec head wind on the vehicle,
if the vehicle is launched on an east (90-deg) azimuth,

Percentile is the percentage of time that a variable does not
exceed a given magnitude. Section I, page 1.8 of this document should also be
consulted for more details on percentiles and probabilities. The following
relationships exist between probabilities and percentiles in a normal distri-
bution function:

Probability Level Percentile

Minimum 0.000
Mean - 30 (standard deviation) 0.135
Mean - 20 ( standard deviation) 2.275
Mean - 10 (standard deviation) 15.866
Mean + 0¢ ( standard deviation) 50.000
Mean + 14 ( standard deviation) 84.134
Mean + 20 ( standard deviation) 97.725
Mean + 3 o ( standard deviation) 99.865

Maximum 100.000

Scalar wind speed is the magnitude of the wind vector without
regard to direction.

Wind direction is the direction from which the wind is blowing,
measured clockwise from true North.

Windiest monthly reference period is any month that has the
highest wind speeds at a given probability level.

Wind shear is equal to the difference between wind speeds
measured at two specific locations, that is, the rate of change of wind speed
with height (vertical wind shear) or distance (horizontal wind shear).
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5.2 Ground Winds (0-150 m)

5.2.1 Introduction

Ground winds for space vehicle application are defined in this
report as those winds in the lowest 150 meters of the atmosphere. . A vehicle
positioned vertically on-pad may penetrate this entire region. Therefore, it
is necessary to model the structure of the atmosphere in the vehicle's vicinity.
This requirement exists because of the complicated and possibly critical
manner in which a vehicle responds to certain wind profile configurations, both
while it is stationary on the launch pad and while in the first few seconds of
launch, especially for vehicle clearance of the service structure. The problem,
therefore, may be resolved initially into the basic identification of the wind
speed profile and its behavior within the 150-meter layer.

Until recently, several years of average wind speed data measured at
the 10-meter level above ground were the only available records with which to
develop design and launch ground wind profile criteria. With the evolution of
larger and more sophisticated space vehicles, the requirements for more
adequate wind profile information have increased. For example, to fulfill the
need to provide improved ground wind data, a 150-meter ground wind tower
facility was constructed on Merritt Island, Kennedy Space Center, Florida,
in close proximity to the Apollo/Saturn launch complex 39. Wind and tempera-
ture profile data from this facility have been used in many new studies that
have contributed to a significant portion of the information in this chapter on
wind profile shaping, gusts, and turbulence spectra. Similar towers are in
operation at the various national ranges.

Since ground wind data are applied by space vehicle engineers in
various ways and degrees, dependent upon the specific problem, there are
several analytical techniques utilized to obtain the results presented here.
Program planning, for instance, requires considerable climatological insight
to determine the frequency and persistence distributions for wind speeds and
wind directions. However, for design purposes the space vehicle must with-
stand certain unique predetermined structural loads that are generated from
exposure to known peak ground wind conditions. Ground wind profiles and
the ground wind turbulence spectra contribute to the development of the design
ground wind models. Surface roughness, thermal environment, and various
transient local and large-scale meteorological systems influence the ground
wind environment for each launch site. Other pertinent ground wind studies
have been performed on wind gusts and associated duration times that directly
affect the response characteristics of space vehicles.
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In general during the early design and development phase of a space
vehicle the ground wind criteria should be referenced to a level near the base
of the vehicle when standing vertical on the launch pad; for example, an
18. 3-meter level is frequently used for the Cape Kennedy area. This presents
a reference level design wind speed and associated wind profile to be defined
that is readily usable during the design phase when length of vehicle is not well
established. During the operational phase, after the vehicle length has been
fixed at a specific height above the launch pad, then the ground wind operational
constraint should be referenced to a level near the top of the vehicle.

5.2.2 Considerations in Ground Wind Design Criteria

To establish the ground wind design criteria for aerospace
vehicles, several important factors must be considered.

a. Where is the vehicle to operate? What is the launch location ?
b. What are the proposed vehicle missions ?

¢. How many hours, days, or months will the vehicle be
exposed to ground winds?

d. What are the consequences of operational constraints that
may be imposed upon the vehicle because of wind constraints ?

e. What are the consequences if the vehicle is destroyed or
damaged by ground winds ?

f. What are the cost and engineering practicalities for design-
ing a functional vehicle to meet the desired mission requirements?

g. What is the risk that the vehicle will be destroyed or damaged
by excessive wind loading?

In view of this list of questions or any similar list that a design group
may enumerate, it becomes obvious that in establishing the ground wind
environment design criteria for a space vehicle an interdisciplinary approach
between the several engineering and scientific disciplines is required; further-
more, the process is an iterative one. To begin the iterative process,
specific information on ground winds is required.
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5.2.3 Introduction to Exposure Period Analysis

Valid, quantitative answers to such questions as the following
are of primary concern in the design, mission planning, and operations of
space vehicles.

a. How probable is it that the peak surface wind at some
specified reference height will exceed (or not exceed) a given magnitude in
some specified time period?

b. Given a design wind profile in terms of peak wind speed
versus height from 10 to 150 meters, how probable is it that the design wind
profile will be exceeded in some specified time period?

Given a statistical sample of peak wind measurements for a specific
location, the first question can be answered in as much detail as a statistical
analyst finds necessary and sufficient. This first question has been thoroughly
analyzed for Cape Kennedy, but only partially for the other locations of interest.

The analysis becomes considerably more complex in answering the
second question. A wind profile model is required, and, to develop the model,
measurements of the wind profiles by properly instrumented ground wind
towers are required as well as a program for scheduling the measurements
and data reduction. Every instantaneous wind profile is unique; similarity is
a matter of degree. Given the peak wind speed at one height, there is a whole
family of possible profiles extending from the specified wind. For each speci-
fied wind speed at a given height, there is a statistical distribution of wind
profiles. Recommended profile shapes for Cape Kennedy and other locations
are given in this report. The analysis needed to answer the second question
is not complete, but we can assume that, given a sufficient period of time, the
design wind profile shape will occur for a specified wind speed at a given height.
In the event that a thunderstorm passes over the vehicle, it is logical to assume
that the design wind profile shape will occur and that the chance of the design
wind profile being exceeded is the same as the probability that the peak wind
during the passage of the thunderstorm will strike the vehicle or point of
interest.

From a statistical 10-year sample of thunderstorm events for Cape
Kennedy, including the beginning and ending times of thunderstorms, the peak
winds during each thunderstorm event, a code indicating whether more than
one thunderstorm was observed for each event, weather, and other related
phenomena, the percentage of days that had one or more thunderstorm events
and the statistical values for samples of (1) daily peak winds for nonthunder-
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storm days, (2) daily peak winds for thunderstorm days, (3) daily peak winds
on all days, and (4) daily peak thunderstorm wind speeds for monthly and
seasonal reference periods have been computed. Reference 5. 5A contains
these data and additional data on the subject.

5.2.4 Development of Extreme Value Samples

It has been estimated from wind tunnel tests that only a few
seconds are required for the wind to produce steady drag loads on a vehicle
such as the Saturn V in an exposed condition on the launch pad. Because of
vortex shedding, a steady wind as low, for example, as 9 m/sec (18 knots)
blowing for 15 or more seconds may introduce dynamic loads on a vehicle
while it is in some configurations. For these and other reasons (subsection
5. 2. 5), we have adopted the peak wind speed as our fundamental measure-
ment of wind. More important, when the engineering applications of winds
can be made in terms of peak wind speeds, it is possible to obtain an appropri-
ate statistical sample that conforms to the fundamental principles of extreme
value theory. One hour is a convenient time interval from which to select
the peak wind.

5.2.4.1 Envelope of Distributions

In the development of the statistics for peak winds, it was
recognized that the probability of hourly, daily, and monthly peak winds exceed-
ing (or not exceeding) specified values varied with time of day and from month
to month. In other words, the distributions of like variables were different for
the various reference periods. Even so, the Gumbel distribution was an
excellent fit to the samples of all hourly, daily, monthly, bimonthly (in two
combinations) , and trimonthly (in three combinations) periods taken over the
complete period of record, justifying the presentation of these distributions;
they serve as a basic reference for the statistics of peak wind for the annual
reference period. However, in establishing vehicle wind design criteria for
the peak winds versus exposure time, it is desired to present a simple set of
wind statistics in such a manner that every reference period and exposure
time would not have to be examined to determine the probability that the largest
peak wind during the exposure time would exceed some specified magnitude.

To accomplish this objective, envelopes of the distributions of the largest peak
winds for various time increments from which the extremals were taken for
the various reference periods were constructed.

From the continuously recording charts, the highest instantaneous
wind speed (and associated direction) that occurred during each hour was
selected for the data sample. The resulting sample of hourly peak wind
speeds (and associated directions) has only been completed for Cape Kennedy.
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Selected envelopes of distributions are given in subsection 5. 2. 5. It
is recommended that these envelopes of distributions be used for vehicle wind
design considerations. This recommendation is made under the assumption
that it is not known what time of day or season of year critical vehicle opera-
tions are to be conducted; furthermore, it is not desirable to design a vehicle
to operate only during selected hours or months. Should all other design alter-
natives fail to lead to a functionally engineered vehicle with an acceptable risk
of not being over stressed by wind loads, then distributions for peak winds
by time of day for monthly reference periods may be considered for limited
missions. For vehicle operations, detailed statistics of peak winds for speci-
fic missions are meaningful for management decisions, in planning the mis-
sion, and in establishing mission rules and alternatives to the operational
procedures. To present the wind statistics for these purposes is beyond the
scope of this document. Each space mission has many facets that make it
difficult to generalize and to present the statistics in brief form. Specific
data for these applications are available upon request.

5.2.5 Design Wind Profiles (Vehicles)

Specific information about the wind profile is required to calcu-
late ground wind loads on space vehicles. The earth's surface is a rigid
boundary that exerts a frictional force on the lower layers of the atmosphere,
causing the wind to vanish on the boundary. In addition, the characteristic
length and velocity scales of the mean (steady-state) flow in the first 150
meters (boundary layer) of the atmosphere combine to yield extremely high
Reynolds numbers with values that range between approximately 10¢ and 108,
so that for most conditions (wind speeds > 1 m/sec) the flow is turbulent.
The lower boundary condition, the thermal and dynamic stability properties
of the boundary layer, the distributions of the large scale pressure and
Coriolis forces, and the structure of the turbulence combine to yield an
infinity of wind profiles.

Data on basic wind speed profiles given in this section are to be used
for vehicle design. With respect to design practices, the application of peak
winds and the associated turbulence spectra and discrete gusts should be
considered. The maximum response obtained for the selected risk levels for
each physically realistic combination of conditions should be employed in the
design, but not the sum of all individual response calculations, for example,
to the peak wind, discrete gust, turbulence spectra, and steady state wind.
Also consideration should be given to the appropriate exposure period for
on-pad and free standing risk wind value selection.

The application of design ground wind profiles for aircraft landing and
takeoff analyses and simulation requires that the wind be applied from the

direction contained within the two quadrants perpendicular to and up wind of
the runway.
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5.2.5.1 Philosophy

The fundamental wind statistics sample was constructed by
selecting the peak wind speed that occurred in each hour of record read from
original wind records. An example of a peak wind speed is given in Figure
5. 2. 1. Peak wind statistics have three advantages over mean wind statistics.
First, peak wind statistics do not depend upon an averaging operation as do
mean wind statistics. Second, to construct a mean wind sample, a chart

reader or weather observer must
OE perform an "eyeball' average of the
wind data, causing the averaging pro-
cess to vary from day to day according
to the mood of the observer, and from
observer to observer. Hourly peak
wind speed readings avoid this sub-
jective averaging process. Third, to
monitor winds during the countdown
phase of a space vehicle launch, it is
easier to monitor the peak wind speed
than the mean wind speed.

% Smith et al. (Ref. 5. 6) have
8:50  10:00  10:10  10:20  10:30 performed extensive statistical anal-
M yses with peak wind speed samples.
| In the course of the work, he and his
collaborators introduced the concept
of exposure period probabilities into
the design and operation of space
SPEED vehicles. By determining the distri-
bution functions of peak wind speeds
for various periods of exposure (hour,
day, month, year, etc.), it is possible
to determine the probability of occur-
rence of a certain wind speed magni-
tude occurring during a prescribed
elo period of exposure of a space vehicle
to the natural environment. Thus, if
an operation requires, for example,
1 hour to complete, and if the critical
wind loads on the space vehicle can be
defined in terms of the peak wind
speed, then it is the probability of occurrence of the peak speed during a 1-
hour period that gives a measure of the probable risk of the occurrence of
structural failure. Similarly, if an operation requires i day to complete, then

©°
>
1)

30 m/sec
80 knots

_,PEAK WIND

16 m/sec
30 knots

FIGURE 5. 2. 1 EXAMPLE OF PEAK
WIND SPEED RECORDS
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it is the probability of occurrence of the peak wind speed during a 1-day period
that gives a measure of the probable risk of structural failure.

All probability statements concerning the capabilities of the space
vehicles that are launched at NASA's Kennedy Space Center are prescribed in
terms of Smith's peak wind speed exposure statistics.! However, to perform
loading and response calculations resulting from steady-state and random
turbulence drag loads and von Karman vortex shedding loads, the engineer
requires information about the vertical variation of the mean wind and the
structure of turbulence in the atmospheric boundary layer. The philosophy is
to extrapolate the peak wind statistics up into the atmosphere via a peak wind
profile, and the associated steady-state or mean wind profile is obtained by
applying a gust factor that is a function of wind speed and height.

5.2.5.2 Peak Wind Profile Shapes

To develop a peak wind profile model, approximately 6000 hourly
peak wind speed profiles measured during 1967 at NASA's ground wind tower
facility at Kennedy Space Center have been analyzed. The sample, comprised
of profiles of hourly peak wind speeds measured at the 18-, 30-, 60-, 90-,
120-, and 150-meter levels, appeared to show that the variation of the peak
wind speed in the vertical, below 150 meters, could be described with a power
law relationship given by

z
u(z) = u18.3~<18.3> ' (5.1)
where u(z) is the peak wind speed at height z in meters above natural grade
and u 18. 3 is a known peak wind speed at z = 18. 3 meters. The peak wind

is referenced to the 18. 3-meter level because this level has been selected as
the standard reference for the Kennedy Space Center launch area. A reference
level should always be stated when discussing ground winds to avoid confusion
in interpretation of risk statements and structural load calculations.

A statistical analysis of the peak wind speed profile data revealed that,
for engineering purposes, k is distributed normally for any particular value
of the peak wind speed at the 18. 3-meter level. Thus, for a given percentile
level of occurrence, k is approximately equal to a constant for u > 2

m/sec. For g 3 > 2 m/sec, 18.3

1. A transformation to the 18. 3-meter design reference level (or higher
level for operational vehicles) is made for Kennedy Space Center
applications of risk statement (subsection 5. 2. 5. 5. 1).
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-3/4

k = cu18.3 , (5.2)

where u18 3 has the units of meter per second. The parameter, ¢, for

engineering purposes, is distributed normally with mean value 0. 52 and

standard deviation 0. 36. The distribution of k as a function u 18. 3 is

depicted in Figure 5.2.2. The k + 30 values are used in design studies.

(dimensionless)

1.0

FIGURE 5. 2. 2 DISTRIBUTION OF THE PEAK WIND PROFILE PARAMETER
k FOR VARIOUS WIND SPEEDS AT THE 18. 3-m LEVEL FOR THE
EASTERN TEST RANGE
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5.2.5.3 Instantaneous Extreme Wind Profiles

The probability that the hourly peak wind speeds at all levels
occur simultaneously is small. Accordingly, the practice of using peak wind
profiles introduces some conservatism into the design criteria; however, the
probability is relatively large that when the hourly peak wind occurs at the
18. 3-meter level, the winds at the other levels almost take on the hourly peak
values.

To gain some insight into this question, approximately 35 hours of
digitized magnetic tape data were analyzed. The data were digitized at
0. 1-second intervals in real time and partitioned into 0. 5-, 2-, 5-, and

10-minute samples. The vertical average peak wind speed ﬁp and the

18-meter mean wind ﬁm were calculated for each sample. In addition, the
instantaneous vertical average wind speed time history at 0. 1-second intervals
was calculated for each sample, and the peak instantaneous vertical average
wind speed 1-11 was selected from each sample. The quantity EI/ GP was

then interpreted to be a measure of how well the peak wind profile approxi-
mates the instantaneous extreme wind profile. Figure 5. 2. 3 is a plot of
uI/TlP as a function of u;3. The data points tend to scatter about a mean

value of ﬁI/ ﬁP > 0, 93, which could mean that the peak wind profile will

result in an overestimate of ground wind loads by approximately 14 percent.
However, some of the data points have values equal to 0. 98, which could mean
an overestimate of the loads by only 4 percent. Figure 5. 2. 4 gives the average
values of EI/ EP as a function of uy for different averaging times (0.5, 2,

5, and 10 min).

5.2.5.4 Peak Wind Profile Shapes for Other Test Ranges and Sites

Detailed analyses of wind profile statistics are not available for
other test ranges and sites. The exponent k in equation (5. 1) is a function
of wind speed, surface roughness, etc. For moderate surface roughness
conditions, the extreme value of k is usually equal to 0. 2 or less during high
winds (X 15 m/sec). For design and planning purposes for test ranges and
sites other than the Eastern Test Range, it is recommended that the values
of k given in Table 5. 2. 1 be used. These values of k are the only values
used in this report for sites other than the Eastern Test Range and represent
estimates for 99. 87 percentile-mean + 3¢ (0. 13 percent risk) values for the
profile shape.
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FIGURE 5. 2.4 THE RATIO ﬁI/ ﬁP AS A FUNCTION OF THE 18. 3-m
MEAN WIND SPEED (u;3) FOR VARIOUS SAMPLING PERIODS

TABLE 5.2.1 VALUES OF k TO USE FOR TEST RANGES
OTHER THAN THE EASTERN TEST RANGE

k Value |18.3-Meter Level Peak Wind Speed (ms ™)

k=10.2 7 -<-u18_3<22

k= 0.14 22 51118_3
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5.2.5.5 Aerospace Vehicle Design Wind Profiles

The data presented in this section provide basic peak wind speed
profile (envelope) information for use in studies to determine load factors for
test, free-standing, launch, and lift-off conditions to ensure satisfactory
performance of the space vehicle. To establish vehicle response requirements,
the peak design surface winds are assumed to act normal to the longitudinal
axis of the vehicle on the launch pad and to be from the most critical direction.

5.2.5.5.1 Design Wind Profiles for the Eastern Test Range

Peak wind profiles are characterized by two parameters, the
peak wind speed at the 18. 3-meter level and the shape parameter k. Once
these two quantities are defined, the peak wind speed profile envelope is
completely specified. Accordingly, to construct a peak wind profile envelope
for the Eastern Test Range, in the context of launch vehicle loading and
response calculations, two pieces of information are required. First, the risk
of exceeding the design wind peak speed at the reference level for a given
period must be specified. Once this quantity is given, the design peak wind
speed at the reference level is automatically specified (Figure 5. 2.5). Second,
the risk associated with compromising the structural integrity of the vehicle,
once the reference level design wind occurs, must be specified. This second
quantity and the reference level peak wind speed will determine the value of
k that is to be used in equation (5.1). To apply equations (5.1) and (5. 2)
to the peak wind statistics valid at.10 meters, equation (5. 1) is evaluated at
z= 10 meters, and the resulting relationship inverted to yield u 1g.3 282

function of the 10-meter level peak wind speed uy, for a fixed value of c.
This function is then combined with equation (5. 2) to yield k as a function of
uyy for a given value of c. The validity of this inversion process is open to
question because equation (5. 1) is a stochastic relationship. However,
analysis with profiles that include peak wind information obtained at the
10-meter level appear to show that this inversion is valid for engineering
applications.

It is recommended that the k + 30 value of k be used for the design
of space vehicles. Thus, if a space vehicle designed to withstand a particular
value of the peak wind speed at the 18. 3-meter reference level is exposed to
that peak wind speed, the vehicle has at least a 99. 87-percent chance of with-
standing possible peak wind profile conditions.

Operational ground wind contraints for established vehicles should be
determined for a reference level (above natural grade) near the top of the
vehicle while on the launch pad. The profile may be calculated using equations
(5.1) and (5. 2) with a value of k =k - 30. This will produce a peak wind
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profile envelope associated with an upper reference level ground wind con-
straint. Tables for these calculations and those associated with the design
reference level are available for various wind speeds and k values applicable
to Cape Kennedy upon request to the Aerospace Environment Division, NASA,
Marshall Space Flight Center, Alabama.

Table 5. 2. 2 contains peak wind speed profiles for various envelope
values of peak wind speed at the 10-meter level for fixed values of risk for the
worst monthly-hourly reference periods of the year for a 1-hour exposure.
To construct these profiles, the 1-hour exposure period statistics for each
hour in each month were constructed. This exercise yielded 288 distribution
functions (12 months times 24 hours), which were enveloped to yield the
largest or "worst" 10-meter level peak wind speed associated with a given
level of risk for all monthly-hourly reference periods. Thus, for example,
according to Table 5. 2. 2 there is at most a 10-percent risk that the peak wind
speed will exceed 13. 8 m/sec (26. 9 knots) during any particular hour in any
particular month at the 10-meter level, and if 13. 8 m/sec (26. 9 knots) occur
at the 10-meter level, then there is only a 0. 135-percent chance that the peak
wind speed will exceed 24. 1 m/sec (46. 8 knots) at the 152. 4-meter level or
the corresponding values given at the other heights.

Tables 5. 2. 3 through 5. 2. 5 contain peak wind profile envelopes for
various values of peak wind speed at the 10-meter level and fixed values of risk
for various exposure periods. The 1-day exposure values of peak wind speed
were obtained by constructing the daily peak wind statistics for each month and
then enveloping these distributions to yield the worst 1-day exposure, 10-meter
level peak wind speed for a specified value of risk (daily-monthly reference
period). The 30-day exposure envelope peak wind speeds were obtained by
constructing the monthly peak wind statistics for each month and then construct-
ing the envelope of the distributions (monthly-annual reference period). The
10-day exposure statistics were obtained by interpolating between the 1- and
30-day exposure period results. The envelopes of the 90-day exposure period
statistics were the 90-day exposure statistics associated with the 12 trimonthly
periods (January-February-March, February-March-April, March-April-May,
and so forth) (90-day-annual reference period). Finally, the 365-day exposure
period statistics were calculated with the annual peak wind sample (17 data
points) to yield one distribution (90-day-annual reference period). Tables
5. 2. 3 threcugh 5. 2. 5 contain the largest or "worst" 10-meter level peak wind
speed associated with a given level of risk for the stated exposure periods.

It is recommended that the data in Tables 5. 2. 2 through 5. 2. 5 be used
as the basis for space vehicle design for Cape Kennedy/Kennedy Space Center
Operations. Wind profile statistics for the design of permanent ground sup-
port equipment are discussed in subsection 5. 2. 6.
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TABLE 5. 2. 2 PEAK WIND SPEED PROFILE ENVELOPES FOR VARIOUS
VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED
FOR 1-hr EXPOSURE (hourly-monthly reference period)
FOR CAPE KENNEDY?

Risk (%)

Height 20 10 5 1 0.1

-1 -1 -1 -1 -1
(m) (ft) knots ms knots ms knots ms knots ms knots ms

10.0 33 22.9 11.8 27.0 13.9 30.8 15.8 39.5 20.3 51.9 26.7
18.3 60 26.3 13.5 30.5 15.7 34.4 17.7 43.4 22.3 56.0 28.8
30.5 100 29.5 15.2 33.8 17.4 37.9 19.5 47.0 24.2 59.8 30.8
61.0 200 34.5 17.8 38.9 20.0 43.0 22.1 52.3 26.9 65.4 33.6
91.4 300 37.8 19.5 42.2 21.7 46.4 23.9 55.7 28.7 68.9 35.4
121.9 400 40.4 20.8 44.7 23.0 48.9 25.2 58.3 30.0 71.5 36.8

152.4 500 42.5 21.9 46.8 24,1 51.0 26.2 60,3 31.0 73.6 37.8

TABLE 5. 2.3 PEAK WIND SPEED PROFILE ENVELOPES FOR A 10-PERCENT
RISK VALUE OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED FOR
VARIOUS REFERENCE PERIODS OF EXPOSURE, FOR CAPE KENNEDY?

Exposure (days)

Height
1 10 30 90 365

(m) (ft)] knots ms knots ms ' | knots ms | knots ms knots ms

10.0 33 32.1 16.5 46.9 24.1 53.9 27.7 61.0 31.4 70.0 36.0
18.3 60 35.8 18.4 51.0 26.2 58.2 29.9 65.3 33.6 74.5 38.3
30.5 100 39.2 20.2 54.7 28.1 62.0 31.9 69.3 35.7 78.5 40.4
61.0 200 44.4 22.8 60.2 31.0 67.6 34.8 75.0 38.6 84.4 43.4
91.4 300 47.8 24.6 63.6 32.7 71.1 36.6 78.5 40.4 88.0 45.3
121.9 400 50.3 25.9 66.2 34.1 73.7 37.9 81.1 41.7 90.6 46.6

152.4 500 52.4 27.0 68.3 35.1 75.8 39.0 83.2 42.8 92.8 47.7

2. Recommended for design criteria development.
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TABLE 5. 2.4 PEAK WIND SPEED PROFILE ENVELOPES FOR A 5-PERCENT
RISK VALUE OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED FOR
VARIOUS REFERENCE PERIODS OF EXPOSURE FOR CAPE KENNEDY?

Exposure (days)
Height
1 10 30 90 365
(m) (ft) |{knots ms™' | knots ms knots ms” | knots ms™ | knots ms~
10.0 33 36.1 18.5 52.3 26.9 60.1 30.9 67.8 34.9 mM.7 40.0
18.3 60 39.8 20.5 56.5 29.1 64.4 33.1 72.3 37.2 82.4 42.4
30.5 100 43.3 22.3 60.3 ‘31,0 68.3 35.1 76.3 39.3 86.5 44.5
61.0 200 48.6 25.0 65.9 33.9 74.0 38.1 82.1 42.2 92.5 47.6
91.4 300 52,0 26.8 69.4 35.7 77.6 40.0 85.7 44 .1 96.1 49.4
121.9 400 54.5 28.0 72.0 37.0 80.2 41.3 88.4 45.5 98.8 50.8
152.4 500 56.6 29.14 74.1 38. 1 82.3 42.3 91.0 46.8 101.0 52,0

TABLE 5. 2.5 PEAK WIND SPEED PROFILE ENVELOPES FOR A 1-PERCENT
RISK VALUE OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED FOR
VARIOUS REFERENCE PERIODS OF EXPOSURE FOR CAPE KENNEDY?

Exposure (days)

Height
i 10 30 90 365

(m) (ft) | knots ms™' | knots ms™' | knots ms™' | knots ms™' | knots ms
10.0 33 45.0 23.1 65.4 33.6 7'4.0 38.1 83.4 42.9 95.4 49.1
18.3 60 49.0 25.2 69.9. 36.0 78.6 40.4 88.2 45.4 | 100.3 51.6
30.5 100 52.6 27.1 73.9 38.0 82.8 42.6 92.4 47.5 | 104.7 53.9
61.0 200 58.1 30.0 79.7 41.0 88.6 45.6 98.4 50.6 | 110.9 57.1
91.4 300 61.5 31.6 83.2 42.8 92.3 47.5 | 102.1 52.5 | 114.6 59.0
121.9 400 64.1 33.0 85.9 44.2 95.0 48.9 | 104.8 53.9 | 117.4 60.4
152.4 500 66.1 34.0 88.0 45.3 97.1 50.0 | 107.0 55.0 | 119.6 61.5

3. Recommended for design criteria development.
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Mean wind profiles or steady-state wind profiles can be obtained from
the peak wind profiles by dividing the peak wind by the appropriate gust factor
(subsection 5.2.7). Itis recommended that the 10-minute gust factors be
used for structural design purposes. Application of the 10-minute gust factors
to the peak wind profile corresponds to averaging the wind speed over a
10-minute period. This averaging period appears to result in a stable mean
value of the wind speed. Within the range of variation of the data, the i-hour
and 10-minute gust factors are approximately equal for sufficiently high wind
speed. This occurs because the spectrum of the horizontal wind speed near
the ground is characterized by a broad energy gap centered at a frequency
approximately equal to 0. 000278 hertz (1 cycle/hr) and typically extends over
the frequency domain 0. 000139 hertz (0. 5 cycles/hr) < w < 0. 00139 hertz
(5 cycles/hr) (Ref. 5.7). The Fourier spectral components associated with
frequencies less then 0. 0166 hertz (1 cycle/hr) correspond to the meso- and
synoptic-scale motions, while the remaining high-frequency spectral compo-
nents correspond to mechanically and thermally produced turbulence. Thus,

a statistically stable estimate of the mean or steady-state wind speed can be
obtained by averaging over a period in the range from 10 minutes to an hour.
Davenport (Ref. 5.5) points out that this period for averaging is also suitable
for structural analysis. Since this period is for longer than any natural period
of structural vibration, it assures that effects caused by the mean wind properly
represent steady-state, nontransient effects. The steady-state wind profiles,
calculated with the 10-minute gust factors, that correspond to those in

Tables 5. 2. 2 through 5. 2. 5 are given in Tables 5. 2. 6 through 5. 2. 9.

5.2.5.5.2 Design Ground Wind Profiles for Other Locations

Tables 5. 2. 10 through 5. 2. 21 contain recommended design ground
wind profiles for several different risks of exceeding the 10-meter level peak
wind speed and 10-minute mean wind speed for a 1-hour exposure period.
These tables are based on the same philosophy as Table 5. 2. 2 and Table 5. 2. 6
for the Eastern Test Range. The locations for which data are provided include
Wallops Island, Virginia; White Sands Missile Range, New Mexico; Air Force
Flight Center, Edwards AFB, California; Space and Missile Test Center,
Vandenberg AFB, California; Huntsville, Alabama; and the New Orleans,
Louisiana -Mississippi Test Facility area. Data for 1-day and longer exposure
periods are currently being established for several of these locations and will
be made available on request. Detailed hourly peak wind records similar to
those for Cape Kennedy are not available at this time for other locations.
Therefore, it was necessary to develop Tables 5. 2. 10 through 5. 2. 21 from
the existing data records. This was accomplished by developing the 10-meter
wind statistics for each of these locations plus Cape Kennedy from a common
type data record. After extensive cross checks and analysis a scaling factor
was developed with the special Cape Kennedy hourly peak wind records as a
base line relative to the common type data record also available for Cape
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TABLE 5.2.6 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL MEAN WIND

SPEED FOR A 1-hr EXPOSURE (hourly-monthly reference period)

FOR CAPE KENNEDY

Risk (%)
Height
20 10 5 0.1
(m) (ft) | knots ms™| knots ms™| knots ms knots ms™'| knots ms™
10.0 33 14,1 7.2 | 16.6 8.6 19.1 9.8 24,6 12.7 32.4 16.7
18.3 60 17.1 8.8 19.9 10.3 22.6 11.7 28.7 14.8 37.2 19.1
30.5 100 20.0 10.3 23.1 11.9 26.0 13.4 32.6 16.8 41.6 21.4
61.0 200 24,7 12.7 28.1 14.5 31.3 16.1 38.3 19.7 48.1 24.7
91.4 300 27.8 14.3 31.3 16.1 34.7 17.9 42.0 21.6 52.1 26.8
121.9 400 30.3 15.6 33.9 17.4 37.3 19.2 44.8 23.0 55.1 28.3
152.4 500 32.3 16.6 35.9 18.5 39.4 20.3 47.0 24.2 57.5 29.6

TABLE 5. 2.7 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR A
10-PERCENT RISK VALUE OF EXCEEDING THE 10-m LEVEL MEAN WIND
SPEED FOR VARIOUS REFERENCE PERIODS OF EXPOSURE
FOR CAPE KENNEDY

Exposure (days)
Height
1 10 30 90 365
(m) (f)| knots ms™ | knots ms™' | knots ms™ | knots ms'| knots ms™
10.0 33 20.0 10.3 29.3 15.1 33.7 17.3 38.1 19.6 43.8 22.5
18.3 60 23.6 12.1 33.8 17.4 38.7 19.9 43.3 22.3 49.5 25.5
30.5 100 27.1 13.9 38.0 19.5 43.1 22.2 48.2 24.8 54.6 28.1
61.0 200 32.4 16.7 44 .2 22.7 49.6 25.5 55.1 28.3 62.1 31.9
91.4 300 35.8 18.4 48.1 24.7 53.8 27.7 59.4 30.6 66.6 34.3
121.9 400 38.5 19 8 51.0 26.2 56.8 29.2 62.6 32.2 69.9 36.0
152.4 500 40.9 20.9 53.3 27.4 59.2 30.5 65.1 33.5 72.6 37.3
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TABLE 5. 2.8 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR A
5-PERCENT RISK VALUE OF EXCEEDING THE 10-m LEVEL MEAN WIND

SPEED FOR VARIOUS REFERENCE PERIODS OF EXPOSURE
FOR CAPE KENNEDY

Exposure (days)
Height
1 10 30 90 365
(m) (ft) |knots ms™ | knots ms™' |knots ms' | knots ms knots ms”
10.0 33 22.5 11.6 32.7 16.8 37.6 19.3 42.5 21.9 48.6 25.0
18.3 60 26.3 13.5 37.5 19.3 42.8 22.0 48.1 24.7 54.8 28.2
30.5 100 30.0 15.4 41.9 21.6 47.5 24.4 53.2 27.4 60.2 31.0
61.0 200 35.5 18.3 48.4 24.9 54.5 28.0 60.4 31.1 68.1 35.0
91.4 300 39.2 20,2 52.5 27.0 58.7 30.2 64.9 33.4 72.9 . 37.5
121.9 400 41.9 21.6 55.5 28.6 61.9 31.8 68.2 35.1 76.3 39.3
152.4 500 44 .0 22.6 57.9 29.8 64.4 33.1 70.9 36.4 79.1 40.7

TABLE 5.2.9 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR A
1-PERCENT RISK VALUE OF EXCEEDING THE 10-m LEVEL MEAN WIND
SPEED FOR VARIOUS REFERENCE PERIODS OF EXPOSURE
FOR CAPE KENNEDY

Exposure (days)

Height
1 10 30 90 365

(m) (f)| knots ms™' | knots ms ' | knots ms ' | knots ms | knots ms
10.0 33 28.1 14.5 40.9 21.0 46.3 23.8 52.2 26.9 59.7 30.7
18.3 60 32.5 16.7 46.5 23.9 52.2 26.9 58.6 30.1 66.7 34.3
30.5 100 36.6 18.8 51.4 26.4 57.6 29.6 64.3 33.1 72.9 37.5
61.0 200 42,6 21.9 58.6 30.1 65.2 33.5 72.5 37.3 81.6 42,0
91.4 300 47.2 24.3 63.0 32.4 69.9 36.0 77.4 39.8 86.9 44.7
121.9 400 49.4 25.4 66.3 34.1 73.4 37.8 81.0 41.7 90.7 46.7
152.4 500 51.7 26.6 68.9 35.4 76.1 39.1 83.8 43.1 93.7 48,2
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TABLE 5. 2. 10 PEAK WIND SPEED PROFILE ENVELOPES FOR  VARIOUS
VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED
FOR 1i-hr EXPOSURE (hourly-monthly reference period)

FOR HUNTSVILLE, ALABAMA

Risk (%)
Height 20 10 5 1 0.1
(m) (i) | knots ms™ | knots ms™! | knots ms™! | knots ms~!|knots ms-?
10.0 33 19.1 9.8 21.6 11,1 24.0 12. 4 31.5 16.2 | 47.5 24,5
18.3 60 21.5 11,1 24. 4 12.5 27. 1 14,0 35. 6 18.3 | 51.7 26.7
30.5 100 23.9 12.3 27.0  13.9 30.0 15.5 39. 4 20.3 | 55.5 28.6
61.0 200 27. 4 14,4 31.0 15.9 34.5 17.8 45, 2 23.3 | 61.0 31.5
91.4 300 29.7 15.3 33.6 17.3 37.4 19.3 49,1 25.2 | 64.7 33. 4
121.9 400 31.5 16.2 35.6 18.3 39.6 20.5 52.0 26.7 | 67.4 34.7
152.4 500 33.0 16.9 37.3 19.2 41.5 21. 4 54. 4 28.0 | 69.5 35. 8

TABLE 5. 2. 11 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL MEAN
SPEED FOR 1-hr EXPOSURE .(hourly-monthly reference period)

FOR HUNTSVILLE, ALABAMA

Risk (%)
Hetght 20 10 5 1 0.1
(m) (ft) | knots ms™ | knots ms™! | knots ms™! | knots ms~!|knots ms-?
10.0 33 13.6 7.0 15.4 7.9 17.1 8.8 22,5 11.6 | 33.9 17.5
18.3 60 15. 4 7.9 17.4 9.0 19. 4 10.0 25. 4 13.1 | 36.9 19.0
30.5 100 17.1 8.8 19.3 9.9 21,4 11.1 28.1 14.5 | 39. 6 20. 4
61,0 200 19.6 10.1 22.2 11.4 24.6 12,7 32.3 16.6 | 43.6 22,5
91.4 300 21,3 10.9 . 24.0 12.4 26.7 13.8 35.0 18.0 | 46.2 23.8
121.9 400 22,5 11,6 25.5 13.1 28.3 14. 6 37.1 19.1 | 48.1 24,8
152.4 500 23.6 12,1 26.7 13.7 29. 6 15.3 38.9 20.0 | 49.6 25.6
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TABLE 5. 2,12 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND

SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period) FOR
NEW ORLEANS AND MISSISSIPPI TEST FACILITY AREA

Risk (%)
Height 20 10 5 1
(m) (ft) | knots ms™ | knots ms™! | knots ms~! | knots ms~! |knots ms-!
10.0 33 19. 8 10.2 23.9 12,3 27.6 14, 2 37.2 19.1 |538.0 27. 3
18.3 60 22. 4 11.5 27.0 13.9 31.2 16.0 42. 0 21.5 [57.7 29.7
30.5 100 24. 8 12,8 29. 9 15. 4 34.5 17.8 46.5 23.9 .]61.9 31.8
61.0 200 28. 4 14. 6 34.3 17.7 39.6 20. 4 53. 4 27.4 | 68.1 35.1
91.4 300 30. 8 15.9 37. 2 19,2 43.0 22,1 57.9 29.8 [ 72.2 37. 2
121, 9 400 32.7 16. 8 39. 4 20.3 45.5 23. 4 61.4 31.5 | 75.2 38.7
152.4 500 34. 2 17. 6 41.3 21.3 47.7 24,5 64.3 33.0 | 77.5 39.9

TABLE 5. 2. 13 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min MEAN

WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR NEW ORLEANS AND MISSISSIPPI TEST FACILITY AREA

Risk (%)
Height 20 10 5 1
(m) (ft) | knots ms™' | knots ms~! | knots ms~! | knots ms~!|knots ms™!
10.0 33 14,1 7.3 17.1 8.8 19. 7 10.1 26.6 13.7 | 37.9 19.5
18.3 60 16.0 8.2 19.3 9.9 22.3 11. 4 30.0 15.4 | 41.2 21.2
30.5 100 17.7 9.1 21.4 11,0 24.7 12,7 33.2 17.1 | 44. 2 22.8
61.0 200 20. 3 10.5 24.5 12.6 28.3 14.6 38.2 19,6 | 48.6 25.0
91.4 300 22.0 11,3 26.6 13.7 30. 7 15, 8 41.4 21.3 | 51.6 26. 6
121.9 400 23.3 12.0 28.2 14,5 32.5 16.7 43. 8 22.5 | 53.7 27.7
152. 4 500 24. 4 12. 6 29.5 15. 2 34.1 17.5 45.9 23.6 | 55.4 28.5
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TABLE 5. 2.14 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND
SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)
FOR THE SPACE AND MISSILE TEST CENTER,¢
VANDENBERG AFB, CALIFORNIA

Risk (%)
Height
20 10 5 0.1

(m) (ft) | knots ms™! | knots ms™ | knots ms~! | knots ms-!| knots ms-!

10.0 33 18.3 9.4 23.1 11,9 27.6 14, 2 36.5 18.8 | 45.0 23. 2

18.3 60 20.7 10.6 26.1 13.4 31.2 16.0 41,2 21.2 | 49.0 25. 2

30.5 100 22.9 11,8 28.9 14.9 34.5 17.8 45.7 23.5 | 52.6 27.1

61.0 200 26. 3 13.5 33. 2 17.1 39.6 20. 4 52.4 27.0 | 57.8 29.8

91.4 300 28.5 14,6 36.0 18.5 43.0 22.1 56.9 29.3 1 61.3 31.6
121.9 400 30. 2 15.5 38.1 19.6 45.5 23. 4 60. 2 31.0 | 63.8 32.9
152.4 500 31.6 16. 2 39.9 20.6 47.7 24.5 63.1 32.5 | 65.8 33.9

TABLE 5. 2.15 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min MEAN
WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)
FOR THE SPACE AND MISSILE TEST CENTER,
VANDENBERG AFB, CALIFORNIA

Risk (%)
Height
20 10 5 1 0.1
(m) (ft) [ knots ms™' | knots ms~! | knots ms~! | knots ms-! |knots ms-!
10,0 33 13.1 6.7 16.5 8.5 19.7 10. 1 26.1 13.4 | 32. 4 16.5
18.3 60 14. 8 7.6 18.6 9.6 22,3 11.4 29. 4 15.2 1 35.0 18.0
30.5 100 16. 4 8.4 20. 6 10.6 24,7 12,7 32.6 16.8 | 37.5 19, 4
61.0 200 18.8 9.6 23.7 12.2 28.3 14. 6 37.4 19.3 | 41.3 21,3
91.4 300 20. 4 10.5 25.7 13.2 30.7 15.8 40. 6 20.9 | 43.8 22, 6
121.9 400 21.6 11,1 27.2 14,0 32.5 16.7 43.0 22.2 | 45.6 23.5
152. 4 500 22.6 11.6 28.5 14,7 34.1 17.5 45.1 23.2 | 47.0 24, 2
4. Formerly Western Test Range.
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TABLE 5. 2. 16 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND
SPEED FOR i-hr EXPOSURE (hourly-monthly reference period)

FOR WALLOPS TEST RANGE

Risk (%)
Height 20 10 5 1 0.1
(m) (ft) | xnots ms~! | knots ms~! | knots ms™! | knots ms”! |knots ms™!
10.0 33 22.9 11.8 27.1 13.9 31.2 16.1 38.6 19.9 | 55.0 28.3
18.3 60 25.9 13.3 30.6 15.7 35. 2 18. 2 43.6 22.5 | 59.8 30. 8
30.5 100 28.6 14. 8 33. 9 17. 4 39.0 20.1 48. 3 24.9 ]164.3 33.1
61.0 200 32.9 16. 9 38.9 20,0 44. 8 23.1 55. 4 28.6 | 70.6 36.3
91.4 300 35.7 18. 4 42, 2 21,7 48. 6 25.1 60.1 31.0 | 74.9 38. 6
121.9 400 37.8 19.5 44. 7 22,9 51.5 26.6 63.7 32.8 | 78.0 40. 1
152.4 500 39.6 20. 4 46. 8 24. 0 53.9 27.8 66.7 34.4 | 80.5 41, 4

TABLE 5. 2.17 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min
MEAN WIND SPEED FOR i-hr EXPOSURE (hourly-monthly reference
period) FOR WALLOPS TEST RANGE

Risk (%)
Helght 20 10 5 1 0.1
(m) (ft) | knots ms™ | knots ms™ | knots ms! | knots ms~!| knots ms™?
10.0 33 i6. 4 8.4 19. 3 9.9 22.3 11,5 27.6 14.2 | 39.3 20, 2
18.3 60 18.5 9.5 21,9 11,2 25.2 13.0 31.1 16.1 | 42.7 22.0
30.5 100 20.5 10.5 24, 2 12. 4 27.9 14.4 34,5 17.8 | 45.9 23.6
61.0 200 23.5 12.1 27.8 14.3 32,0 16.5 39.6 20.4 | 50.4 26.0
91.4 300 25.5 13.1 30. 2 15.5 34.7 17.9 42,9 22.1 ] 538.5 27.5
121.9 400 27.0 13.9 81.9 16. 4 36.8 19.0 45.5 23.5 | 85.7 28.7
152.4 500 28. 3 14. 6 33. 5 17.2 38.5 19.9 7.7 24.6 | 57.5 29.6
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TABLE 5. 2. 18 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND
SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)
FOR WHITE SANDS MISSILE RANGE

Risk (%)
Height
20 10 5 i 0.1
(m) (ft) | knots ms™ | knots ms™! | knots ms™ | knots ms~ |knots ms=-!
10.0 33 15.3 7.9 20.9 10.7 24,7 12.7 34.3 17.7 | 52.1 26, 8
18.3 60 17.3 8.9 23. 6 12.1 27.9 14.3 38.7 20.0 | 56.7 29.2
30.5 100 19.1 9.9 26. 1 13.4 30.9 15.9 42.9 22.1 160.9 31.3
61,0 200 22.0 11.3 30.0 15.4 35.5 18.2 49. 3 25.4 ] 66.9 34. 4
91.4 300 23.8 12. 3 32.6 16.7 38.5 19. 8 53.4 27.6 | 71.0 36.5
121,9 400 25. 2 13.0 34.5 17.7 40. 8 21,0 56.6 29.2 | 73.9 38.0
152.4 500 26.4 13.7 36.1 18.5 42,7 22.0 59.3 30.6 | 76.2 39. 2

TABLE 5. 2.19 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min

MEAN WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR WHITE SANDS MISSILE RANGE

Risk (%)
Height 20 10 5 1 0.1
(m) (ft) | knots ms~! | knots ms™! | knots ms~! | knots ms-!|knots ms-!
10.0 33 10.9 5.6 14,9 7.7 17.6 9.1 24.5 12.6 | 37.2 19. 2
18,3 60 12.3 6.4 16.9 8.6 19.9 10,2 27.7 14.3 | 40.5 20. 8
30.5 100 13.7 T.1 18.7 9.6 22,1 11.3 30.7 15.8 | 43.4 22. 4
61.0 200 15.7 8.1 21,4 11.0 25. 3 13.0 35. 2 18.2 | 47.8 24, 6
91.4 300 17.0 5.8 23.3 11,9 27.5 14, ¢ 38. 2 19.7 | 50.7 26. 1
121.9 400 i8.0 9.3 24,6 12, 6 29.1 15.0 40. 4 20.9 | 52.8 27.1
152.4 500 18.9 9.8 25. 8 13.2 30.5 15.7 42.3 21.9 | 54. 4 28.0




5.32

TABLE 5. 2. 20 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND
SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)
FOR EDWARDS AIR FORCE BASE

Risk (%)
Height 20 10 5 1 0.1
(m) (ft) | knots ms! | knots ms™! | knots ms™! | knots ms™!|knots ms™!
10,0 33 24. 4 12. 6 28.3 14.6 31.5 16. 2 38.4 1‘9. 8 | 47.0 24. 2
18.3 60 27.6 14,2 32.0 16.5 35.6 18.3 43. 4 22.4 | 51.1 26.3
30.5 100 30.5 15.8 35. 4 18.3 39. 4 20. 3 48,0 24,8 | 54.9 28.3
61.0 200 35.0 18.1 40.6 21.0 45. 2 23.3 55.1 28.4 | 60.3 31.1
91.4 300 38.0 19.6 44.1 22.7 49. 1 25.2 59.8 30.8 | 64.0 33.0
121, 9 400 40, 3 20.8 46.7 24.1 52.0 26.7 63. 4 32,7 | 66.6 34.3
152.4 500 42.2 21.8 48.9 25,2 54. 4 28.0 66. 4 84.2 | 68.8 35. 4

TABLE 5. 2. 21 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR
VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min
MEAN WIND SPEED FOR i-hr EXPOSURE (hourly-monthly reference

period) FOR EDWARDS AIR FORCE BASE

Risk (%)
Height 20 10 5 1 0.1
(m) (ft) | knots ms™! | knots ms™! | knots ms™! | knots ms~!|knots ms!
10.0 33 17. 4 9.0 20,2 10. 4 22.5 11,6 27. 4 14,1 |} 33.6 17.3
18.3 60 19.7 10. 2 22. 8 11.8 25.4 13.1 31.0 16.0 | 36.5 18. 8
30.5 100 21.8 11,3 25.3 13.0 28. 1 14,5 34.4 17.7 | 39.2 20, 2
61.0 200 25.0 12.9 29.0 15.0 32.3 16.6 39. 4 20.3 | 43.1 22.2
91.4 300 27.1 14,0 31.5 16, 2 35,0 i8.0 42.7 22.0 | 45.7 23.5
121.9 400 28. 8 14,9 33.4 17. 2 37.1 19.1 45. 3 23.3 | 47.6 24.5
152.4 500 30.1 15.6 34.9 18.0 38.9 20.0 47. 4 24.4 | 49.1 25.3
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Kennedy. Although the resulting design ground wind profiles for the various
locations are subject to change if and when a special hourly peak wind record
can be developed, for engineering design application the data given in Tables
5. 2. 10 through 5. 2. 21 are acceptable. The peak/mean wind profiles were
constructed with a 1. 4 gust factor and mean + 30 value of k, as given in sub-
section 5. 2, 5. 5. 1. Some additional general ground wind data are given in
References 5. 7A and 5. 7B for several other locations.

5.2.5.5.3 Frequency of Calm Winds

Generally, design criteria wind problems are concerned with
high wind speeds, but a condition of calm or very low speeds may also be
important. For example, with no wind to disperse venting vapors such as
LOX, a poor visibility situation could develop around the vehicle. Table
5. 2. 22 shows the frequency of calm winds at the 10-meter reference height
for Cape Kennedy as a function of time of day and month. The maximum per-
centage of calms appears in the summer and during the early morning hours,
with the minimum percentage appearing throughout the year during the after-
noon. Similar tables for other location are available upon request.

5.2.6 Spectral Ground Wind Turbulence Model

Under most conditions ground winds are fully developed turbulent
flows. This is particularly true when the wind speed is greater than a few
meters per second, the atmosphere is unstable, or when both conditions exist.
During nighttime conditions when the wind speed is low and the stratification
is stable, the intensity of turbulence is small if not nil. Spectral methods are
a particularly useful way of representing the turbulent portion of the ground
wind environment for launch vehicle design purposes, as well as for use in
diffusion calculations of toxic fuels and atmospheric pollutants, At the present
time, a spectral turbulence model of the longitudinal and horizontal lateral
components of turbulence that is valid for all conditions, except for the case of
a nighttime stable stratification, is available.

5.2.6.1 Introduction

At a fixed point in the atmospheric boundary layer, the instan-
taneous wind vector fluctuates in time about the horizontal quasi-steady wind
vector. The vector departure of the horizontal component of the instantaneous
wind vector from the quasi-steady wind vector is the horizontal vector com-
ponent of turbulence. This vector departure can be represented by two com-
ponents, the longitudinal and the lateral components of turbulence that are
parallel and perpendicular to the quasi-steady wind vector in the horizontal
plane (Figure 5.2.6). The model contained herein is a spectral representation
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TABLE 5. 2. 22 FREQUENCY (%) OF CALM WIND AT THE 10-m LEVEL, CAPE KENNEDY
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of the characteristics of the longitudinal

North and lateral components of turbulence.
\ LewreiCompenent  Lhe model analytically defines the spec-

Instentensocs N o Torblonee tra of these components of turbulence
Yind Vocter - for the first 200 meters of the boundary

©T dvsllem layer. In addition, it defines the longi-

st tudinal and lateral cospectra, quadra-

Wind Vecter ture spectra, and the corresponding co-
herence functions associated with any
Vecter Depertvre pair of levels in the boundary layer.
Eosr Details concerning the model herein can
be found in References5. 8, 5.9, and 5. 10.
FIGURE 5.2.6 THE RELATIONSHIP 5.2 6.2 Turbulence Spectra
BETWEEN THE QUASI-STEADY AND
THE HORIZONTAL INSTANTANEOUS The longitudinal and lateral
WIND VECTORS AND THE spectra of turbulence at frequency w

LONGITUDINAL AND LATERAL  and height z can be represented by a
COMPONENTS OF TURBULENCE  gimensionless function of the form

wS(w) _ /i (5. 3)
Bu,? ¢y 5/3 ¢, ’ .
* [1+1.5(f/fm) ]
where
Wz
2(z) (5. 4)
. o
fm = Cg (‘%) (5. 5)
r
Z Cs
B = (T) (5.6)
r
u, = cg u(zr) (5.7)

In these equations z, is a reference height equal to 18. 3 meters (60 ft);

u (z) is the quasi-steady wind speed at height z; and the quantities
ci (i=1,2,3,4,5) are dimensionless constants that depend upon the site and
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TABLE 5. 2. 23 DIMENSIONLESS CONSTANTS FOR THE LONGITUDINAL

SPECTRUM OF TURBULENCE FOR THE EASTERN TEST RANGE

.Condition Cq Cy C3 cy Cs
Light Wind Daytime 2.905 1.235 0.04 0.87 -0.14
Conditions
Strong Winds 6. 198 0.845 0.03 1.00 -0.63
TABLE 5. 2.24 DIMENSIONLESS CONSTANTS FOR THE LATERAL
- SPECTRUM OF TURBULENCE FOR THE EASTERN TEST RANGE
Condition cy Cy c3 Cy Cg
Light Wind Daytime 4.599 1.144 0.033 0.72 -0.04
Conditions
Strong Winds 3.954 0.781 0.1 0.58 -0.35

the stability. The frequency w is defined with respect to a structure or vehicle
at rest relative to the earth. To apply the spectral model to the Shuttle or air-
craft landing problem, the mean wind speed u(z) at height z shall be replaced
with the mean wind speed relative to the vehicle. The longitudinal and lateral
spectra shall then be applied in the longitudinal and lateral directions relative
to the vehicle flight path. The lateral spectrum can also be used for the verti-
cal power spectrum. The spectrum S(w) is defined so that integration over the
domain 0 = w =« yjelds the variance of the turbulence. For the launch sites
at the Eastern Test Range,® it is permissible for engineering purposes to use
the values of ¢ given in Table 5. 2. 23 for the longitudinal spectrum and Table

5. 2. 24 for the lateral spectrum. The constant cg can be estimated with the
equation

0. 4

. , (5. 8)
1n <~l> - ¥
Z9

where z, is the surface roughness length of the site and ¥ is a parameter
that depends upon the stability, If z, is not available for a particular site,
then an estimate of z, can be obtained by taking 10 percent of the typical
height of the surface obstructions (grass, shrubs, trees, rocks, etc.) over

Cg =

5. Eastern Test Range, Kennedy Space Center, and Cape Kennedy are
synonymous in this report.
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TABLE 5. 2. 25 TYPICAL VALUES OF SURFACE ROUGHNESS LENGTH
(zy) FOR VARIOUS TYPES OF SURFACES

Type of Surface zy (m) —z, (ft)

Mud flats, ice 107 - 3.107° 3.107° - 107
Smooth sea 2-10™ - 3.107* 7-100 - 107
Sand 10 - 107 3-10™ - 3.107°
Snow surface 10~ - 6107 3-10™ - 2-107°
Mown grass (~0.01 m) | 10~ - 1072 3-10~° - 3-107
Low grass, steppe 107 - 4107 3-1072 - 107t
Fallow field 2-10~ - 3.107% - 610" - 107
High grass 4-107% - 107! : 107 - 3-107"
Palmetto 107 - 3107 3-1071 - 1
Suburbia 1 -2 3 -6
City | 1 -4 3 - 13

a fetch from the site with length equal to approximately 1500 meters. The
parameter ¥ vanishes for strong wind conditions and is of order unity for
light wind unstable daytime conditions at the Kennedy Space Center. Typical
values of z, for various surfaces are given in Table 5. 2. 25. The value of

z, given for Palmetto is recommended for Kennedy Space Center design studies.

The functions given by equations (5. 3), (5.5), and (5. 6) are depicted
in Figures 5. 2. 7 through 5. 2. 12, Upon prescribing the steady-state wind
profile u(z) and the site (zy) , the longitudinal and lateral spectra are com-
pletely specified functions of height z and frequency w. A discussion of the
units of the various parameters mentioned above is given in subsection 5. 2. 6. 4.

5.2.6.3 The Cospectrum and Quadrature Spectrum
The cospectrum and the quadrature spectrum associated with

either the longitudinal or lateral components of turbulence at levels z; and
Z, can be represented by the following:

Af

C(w,zi,Z:} = \lsisz exp <—-0. 3465
0.5

> cos(27yAf) (5.9)

Q(w, 2y, 29) = N SyS, exp (—0.3465 AT > sin(2myAf) , (5.10)

0.5
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- WZy _ WZq (5 11)
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TABLE 5. 2. 26 VALUES OF Afo 5 FOR THE EASTERN TEST RANGE

Turbulence Component Light Wind Daytime Conditions Strong Winds
Longitudinal 0.04 0.036
Lateral 0.06 0. 045

TABLE 5. 2.27 VALUES OF vy FOR THE EASTERN TEST RANGE

Turbulence Component (24 + 2,)/2 = 100m (z4+25)/2 > 100m
Longitudinal 0.7 0.3
Lateral 1.4 0.5

S; and S, are the longitudinal or lateral spectra at levels z; and z,,
respectively, and u(z;) and u(z,) are the steady-state wind speeds at
levels z; and z,. The quantity Af 0.5 is a dimensionless function of stability,

and values of this parameter for the Eastern Test Range are given in Table
5.2.26. The dimensionless quantity 7y should depend upon height and stability.
However, it has only been possible to detect a dependence on height at the
Eastern Test Range. Based upon an analysis of turbulence data measured

at the NASA 150-meter meteorological tower facility, the values of vy in

Table 5. 2. 27 are suggested for the Eastern Test Range. The quantity Afy g can
be interpreted by constructing the coherence function, which is defined to be

coh(w,z(,2y) = (5.12)

Substituting equations (5.9) and (5. 10) into equation (5. 12) yields

Af

COh((JJ,Z1,Zz) = exp <—0. 693 af ) . (5. 13)
0.5

It is clear from this relatxonsh1p that Af is that value of Af for which the
0.5
coherence (coh) is equal to 0. 5.

5.2.6.4 Units

The spectral model of turbulence presented in subsections
5.2.6.2 and 5. 2. 6. 3 is a dimensionless model. Accordingly. the user is free
to select the system of units he desires, except that w must have the units of
cycles per unit time. Table 5. 2. 28 gives the appropriate metric and U. S.
customary units for the various quantities in the model.
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TABLE 5. 2. 28 METRIC AND U, S, CUSTOMARY UNITS OF VARIOUS
QUANTITIES IN THE TURBULENCE MODEL

Quantity Metric Units U. S. Customary Units
w Hz Hz
S(w), Qw), Clw) m? s72/Hz ft? s7%/Hz
f, fm’ Af, Afo. 5 Dimensionless Dimensionless
zZ, 2, Zg m ft
u, u, ms™! ft s71
B Dimensionless Dimensionless
Coh Dimensionless Dimensionless
Y Dimensionless Dimensionless
4 Dimensionless Dimensionless

5.2.7

Ground Wind Gust Factors

The solutions of problems dealing with surface winds for the
design and launch of space vehicles include analyses of wind gustiness or gust
factor. Previous Marshall Space Flight Center ground wind gust factor design
criteria adopted a gust factor of 1. 4 and treated the gust as acting over the
entire length of the vehicle. Revised ground wind mean gust factor design
criteria were derived from data obtained during 1967 and 1968 at the 150-
meter ground wind tower facility at Kennedy Space Center. To more precisely
determine gust factors to a height of 150 meters, analyses have been made
relating gust factors to height, steady-state or mean wind speed, peak wind
speed at reference height 18. 3 meters, and length of time used to obtain the
mean wind speed. A study was made of 181 hours of data recorded when the
atmosphere was generally unstable (daytime). The gust factor G is defined
to be

G = u/u , (5. 14)
where
4 = maximum wind speed at height h within an averaging period
of length T in time
u = mean wind speed associated with the averaging period T, given by
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1 T/2
u = — f v(t) dt (5. 15)
-7/2

v(t) = instantaneous wind speed at time t
t = time reckoned from the beginning of the averaging period.

If 7 =0, then u=u according equation (5. 15), and it follows from
equation (5.14) that G =1.0. As 7 increases, u departs from u, and
u=u and G >1.0. Also, as 7T increases, the probability of finding a maxi-
mum wind of a given magnitude increases. In other words, the maximum wind
speed increases as 7 increases. In the case of u=0and u= 0 (u = 0 might
correspond to windless free convection), G ==, As u or u increases, G
tends to decrease for fixed T > 0; while for very high wind speeds (neutral
stratification), G tends to approach a constant value for given values of z
and 7. Finally, as z increases, G decreases. Thus, the gust factor is a
function of the averaging time 7 over which the mean wind speed is calculated,
the height 2z, and the wind speed (mean or maximum).

5.2.7.1 Gust Factor as a Function of Peak Wind Speed at Reference
Height (u 18 3) for Cape Kennedy
Representation of the first factor G as a function of height h,
averaging period 7, and the 18, 3-meter peak wind speed u 18. 3 is based

upon the fact that the design wind statistics are calculated in terms of peak
winds. Thus G will be given as a function of u 18. 3’ z and T.

Investigations of the mean gust factor data revealed that the variation
of the gust factor in the first 150 meters of the atmosphere could be described
with the following relationships:

p
G = 1 + - (18.3> ’ (5.16)

go 4

where h is the height in meters above natural grade. The parameter p, a
function of the 18. 3-meter peak wind speed in meters per second, is given by
-0.2u

p = 0.283 - 0.435 ¢ 18.3 . (5.17)
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The parameter g,, depends on the averaging time and the 18. 3-meter peak
wind speed and is given by

- 0.085 (1a )" - 0.329 (1n
8o = © t0) ~ 7 " 1o

-0.2u
+ 1,98 -1.887 e 18.3 ) (5.18)

where T is given in minutes and, u in meters per second.

18.3

These relationships are valid for u, . . = 4 m/sec and 7 = 10 min.

18.3
In the interval 10 min =7 = 60 min, G is a slowly increasing monotonic
function of 7, and for all practical purposes the 10-minute gust factors

(7 = 10 min) can be used as estimates of the gust factors associated with
averaging times greater than 10 minutes and less than 60 minutes (10 min =
7 = 60 min).

The dependence of the 18, 3-meter height gust factor upon the averaging
time and the peak wind speed is shown in Figure 5. 2. 13. Figure 5. 2. 14
illustrates the dependence of the 10-minute gust factors upon the peak wind
speed and height.

The calculated mean gust factors for 10 minutes for values of u 18. 3

in the interval 4. 63 m/sec = U g 3-5 %« are presented in Table 5. 2. 29 in both

the U. S. customary and metric units for u and h. The gust factor pro-

18.3

file for T = 10 minutes and u18 3= 9. 27 m/sec (18 knots) is given by

Table 5. 2. 30. These values are valid only for the Cape Kennedy area.

Since the basic wind statistics are given in terms of hourly peak winds,
use the 7 =10 minute gust factors to convert the peak winds to mean winds
by dividing by G. All gust factors in these sections are expected values for
any particular set of values for u, 7, and h.

5.2.7.2 Gust Factors for Other Locations
For design purposes, the gust factor value of 1. 4 will be used

over all altitudes of the ground wind profile at other test ranges. This gust
factor should correspond to approximately a 10-minute averaging period.
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FIGURE 5. 2.13 GUST FACTOR AS A FIGURE 5. 2. 14 GUST FACTOR AS A
FUNCTION OF TIME FOR VARIOUS FUNCTION OF PEAK WIND (u) FOR

VALUES OF u 18. 3 IN THE INTERVAL VARIOUS HEIGHTS
= =<
3.6=ujg o=
5.2.8 Ground Wind Shear

Local or point values of wind shear can be obtained by differen-
tiating equation (5. 1) with respect to height z. When the 18. 3-meter level
is used as a reference and the 99. 97-percentile values of k are employed,
the equation for local wind shear is given by

-3/4
1.6 1/4 1.6u

du Yig g <z > 18.3

- 18. 3 (5.19)

dz z

Figure 5. 2. 15 presents the shears as computed with the above equation
for six levels. Wind shear near the surface, for design purposes, is a shear
that acts upon a space vehicle, free-standing on the pad, or at time of lift-off.
For overturning moment calculations, the 10-minute mean wind at the height
of the vehicle base and the peak wind profile value at the height of the vehicle
top is employed in the calculations.
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TABLE 5.2.30 GUST FACTOR PROFILE FOR 7 = 10 min

AND Ujg o= 9. 27 m/sec (18 knots)
Height
Gust Factor

(ft) (m) (G)

33 10.0 1.676

60 18.3 1.594
100 30.5 1.532
200 61.0 1. 459
300 91.4 1,421
400 121,9 1.395
500 152. 4 1.377

8.3

“18.3 (ms*h)

FIGURE 5. 2.15 LOCAL WIND SHEARS FOR SIX LEVELS

5.2.9 Ground Wind Direction Characteristics

Figure 5. 2. 1 (Subsection 5. 2. 5) shows a time trace of wind
direction (a section of a wind direction recording chart). This wind direction
trace may be visualized as being composed of a mean wind direction plus
fluctuations about the mean. An accurate measure of wind direction in the free
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atmosphere near the ground is difficult to obtain because of the interference of
the structure that supports the instrumentation and other obstacles in the
vicinity of the measurement location (Ref. 5.11). The measured wind direc-
tions represent conditions existing at a given place, and they are directly
applicable in vehicle-response-to-ground-winds studies.

General information such as that which follows is available and may be
used to specify conditions for particular studies. For instance, in Reference
5. 12 is discussed the variation of lateral wind-direction for various stability
regimes. A graph is shown in Reference 5. 12 that gives values of the

standard deviation of the lateral wind direction 00 as a function of height

~ for a sampling time of about 10 minutes. It states that ao for sampling per-

iods greater than 1 minute with some given stability condition will always be
larger when the wind is light than when it is strong. In general, the more

stable the air, the smaller the Ty except for the case of meandering wind

directions for very low wind speeds and very stable conditions.
5.2.10 Design Winds for Facilities and Ground Support Equipment

5.2.10.1 Introduction

In this section, the important relationships between desired life-
time N, calculated risk U, design return period TD’ and design wind WD

will be described for use in facilities design for several locations.

a. The desired lifetime N .is expressed in years, and pre-
liminary estimates must be made as to how many years the proposed facility
is to be used.

b. The calculated risk U is a probability expressed either ‘
as a percentage or as a decimal fraction. Calculated risk, sometimes referred
to as design risk, is a probability measure of the risk the designer is willing
to accept that the facility will be destroyed by wind loading in less time than
the desired lifetime.

c. The design return period TD is expressed in years and is

a function of desired lifetime and calculated risk.

d. The demg wind WD is a function of the desired lifetime

and calculated risk and can be derived either through the design return
period and a probability distribution function of yearly peak winds or from an
analytical expression.
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5.2.10. 2 Development of Relationships

From the theory of repeated trial probability we can derive the
following expression:

In (1 -U)

N =
1
In{l -—

Equation (5. 20) gives the important relationships for the three variables,
calculated risk U, design return period TD’ and desired lifetime N. If
estimates for any two variables are available, the third can be determined.

(5. 20)

From the derivation of equation (5. 20), solutions for the design return
period versus desired lifetime for various design risks are given in
Table 5. 2. 31. In Table 5. 2. 31, the exact and adopted values for design return
period versus desired lifetime for various design risk are presented. The
adopted values for TD are in some cases greatly oversized to facilitate a

convenient use of the tabulated probabilities for the distributions of yearly
peak winds.

FIGURE 5. 2.31 EXACT AND ADOPTED VALUES FOR DESIGN RETURN
PERIOD (TD, years) VERSUS DESIRED LIFETIME (N, years
FOR VARIOUS DESIGN RISKS (U)

Design Return Period (years)
(ye:rs) U =10.50% U =0.20% U = 10% U= 5% UF1%
Exact Adopted |Exact Adopted |[Exact Adopted |Exact Adopted | Exact Adopted

1 2 2 15 5 10 10 20 20 100 100

10 15 15 45 50 95 100 196 200 996 1000

20 29 30 90 100 190 200 390 400 1991 2000
25 37 40 113 125 238 250 488 500
30 44 50 135 150 285 300 585 600
50 73 100 225 250 475 500 975 1000
100 145 150 449 500 950 1000 |1950 2000
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5.2.10,3 Design Winds for Facilities at Cape Xennedy

To obtain the design wind, it is required that the wind speed
corresponding to the design return period be determined. Since the design
return period can be expressed in terms of probability, either of two pro-
cedures can be used to determine the design wind: One is through a graphical
or numerical interpolation procedure; The second is from an analytical function.
A knowledge of the distribution of yearly peak winds is required for both
procedures. For the greatest statistical efficiency in arrivixig at a knowledge
of the probability that peak winds will be less than or equal to some specified
value of yearly peak winds {thatis, P(W = W) or for exceedance probabilities,
P(W >W*) =[1 - P(W = Wx)]}, the choice of an appropriate probability dis-
tribution function is made, and the parameters for the function are estimated
from the sample of yearly peak winds. From the investigation leading to the
distribution of hourly, daily, monthly, and yearly peaks it was learned that the
Gumbel distribution was an excellent fit for the 17 years of yearly peak ground
winds at the 10-meter level for Cape Kennedy. (The Fre’chet, a special case
of Fisher-Tippett Type II, distribution, was also an adequate fit to this sample. )
The distribution of yearly peak wind (10-meter level), as obtained by the
Gumbel distribution, is tabulated for various percentiles along with the corre-
sponding return periods in Table 5. 2.32. The values for the parameters a
and p for this distribution are also given in this table.

The design wind can now be determined by making a choice for desired
lifetime and design risk and by taking the design return period from
Table 5. 2. 31 and looking up the wind speed corresponding to the return period
given in Table 5. 2. 32, For combinations not tabulated in Tables 5. 2. 31 and
5. 2. 32, the design return period can be interpolated.

5.2.10.4 Procedure to Determine Design Winds for Facilities

It is desired to show an analytical form for the design wind WD

as a function of desired lifetime N and calculated risk U, given a Gumbel

distribution. This expression for WD as a function of N and U for the

Gumbel distribution of peak winds at the 10-meter reference level can be
derived as

W, = %{—ln[-ln(i-U)] +4n N} + p (5.21)

where @ and u are estimated from the sample of yearly peak winds.
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TABLE 5. 2. 32 GUMBEL DISTRIBUTION FOR YEARLY PEAK WIND SPEED,
10-m REFERENCE LEVEL, INCLUDING HURRICANE WINDS,

CAPE KENNEDY

Return Period
(years) Probability y m/sec Knots
2 0. 50 0. 36651 25. 45 49, 47
5 0. 80 1. 49994 31.79 61.79
10 0.90 2, 25037 35. 98 69. 95
15 0. 933 2. 66859 38. 33 74, 50
20 0. 95 2. 97020 40. 01 77.77
30 0. 967 3. 39452 42, 38 82. 39
45 0.978 3. 80561 44, 68 86. 86
50 0.98 3.90191 45, 22 87. 90
90 0. 9889 4, 49523 48. 54 94, 35
100 0.99 4. 60015 49.12 95. 49
150 0.9933 5. 00229 51, 37 99. 86
200 0. 995 5. 29581 53. 01 103. 05
250 0. 996 5. 51946 54, 26 105. 48
300 0. 9967 5.71218 55. 34 107.58
400 0. 9975 5. 99021 56. 90 110. 60
500 0. 9980 6. 21361 58. 14 113. 02
600 0. 9983 6. 37628 58.75 114, 20
1 000 0. 9990 6. 90726 62, 02 120, 56
10 000 0. 9999 9.21029 74. 90 145. 60
@ = 0.1788 m/sec™! (0. 0920 knots) -1 -(1;- = 5.5917 m/sec (10. 8675 knots)
B = 28.4 m/sec (45. 49 knots)

1
Taking the values for i 5.5917 m/sec (10. 8695 knots) and for

B = 23. 4 m/sec (45. 49 knots) from Table 5. 2. 32 and evaluating equation (5. 21)
for selected values of N and U, yields the data in Table 5, 2, 33.
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TABLE 5. 2. 33 FACILITY DESIGN WIND (WD ) WITH RESPECT TO THE
10

10-m REFERENCE LEVEL PEAK WIND SPEED FOR VARIOUS
LIFETIMES (N), CAPE KENNEDY

Design Wind (WD“ )
for Various Lifetimes (N)
N=1 N=10 N =30 N =100

U 1-U la [la (1-U)} (m/sec)| (knots) (m/sec) | (knots) (m/sec) | (knots) (m/sec) | (knots)
0. 63212 0. 36788 0 23.40 | 45,49 36. 28 70.52 42, 42 82. 46 49, 15 95, 55
0. 50 0.50 0. 36651 25.45 | 49.47 38, 33 74. 50 44, 47 86, 44 51.20 99. 53
0. 4296 0. 5704 0. 57722 26.62 | 51.76 39. 50 76.79 45, 65 88.73 52. 38 104. 82
0. 40 0. 60 0. 67173 27.16 | 52.79 40. 03 77.82 46. 18 89,76 52.92 102, 85
0. 30 0.70 1, 03093 29,17 | 56,70 42. 04 81.72 48. 19 93.67 54, 92 106. 75
0.20 0. 80 1. 49994 31.79| 61.79 44, 66 86. 82 50. 81 98,76 57.54 111.85
0. 10 0. 90 2. 25037 35.99 | 69.95 48. 86 94. 98 55. 00 106. 92 61,74 120. 0t
0. 05 0. 95 2.97020 40,01 | 77.77 52. 88 102, 80 59. 03 114.74 65. 76 127.83
0.01 0. 99 4. 60016 49,12 | 95.49 62. 00 120. 52 68, 14 132, 46 74. 88 145. 55

a. Values of N are given in years.

vl,w-%{-n.[-c. a-v) n-u} vu

n ' s
—.' 6.8 m/see (10.9088 knots)
60— 480
4 = 234 misen (45.4 knots)
sa -]a
0 | I B IR S N A | 1 | | Lt 1. i 1 L 1 111 j
1 10 100 1000

N Years

FIGURE 5. 2. 16 FACILITY DESIGN WIND ( w ) WITH RESPECT TO THE

Dy
10-m REFERENCE LEVEL PEAK WIND SPEED FOR VARIOUS
LIFETIMES (N), CAPE KENNEDY
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An inspection of equation (5.21) reveals that the design wind WD is
10
a linear function of the logarithm of the desired lifetime for given values of

o and u. Thus, a convenient plot for design wind versus desired lifetime
can be illustrated as in Figure 5. 2. 16. The slope of all curves in Figure 5. 2. 16
: A%

1
is the same; therefore is a constant equal to o for all risk levels.

oON
5.2.10.5 Requirements for Wind Load Calculations

The design wind for a structure cannot be determined solely by
wind statistics at a particular height. Estimates of wind loads are required,
for which a wind profile is needed. The design engineer is most interested
in designing a structure which satisfies the users' requirements for utility,
which will have a minimum risk of failure within the desired lifetime of the
structure, and which can carry the maximum wind load and be constructed at
a minimum cost. The total wind loading on a structure is composed of two
interrelated components, drag wind loads and dynamic wind loads. The time
required for a structure to respond to the drag wind loads dictates the averaging
time for the wind profile. In general, the structure response time dependsupon
the shape and size of the structure. The natural frequency of the structure and
the size and shape of the structure and its components are important in esti-
mating the dynamic wind load. It is conceivable that a structure could be
designed to withstand very high wind speeds without structural failure and still
oscillate in moderate wind speeds. If such a structure, for example, is to be
used to support a precision tracking radar, then there may be little danger of
overloading the structure by high winds; but the structure might be useless for
its intended purpose if it were to oscillate in a moderate wind. Also, a build-
ing may have panels or small members that could respond to dynamic loading
in such a way that long-term vibrations could cause failure, without any struc-
tural failure of the main supporting members. Since dynamic wind loading
requires an intricate knowledge of the particular facility and its components,
no attempt is made here to state generalized design criteria for dynamic wind
loading. The emphasis in this section is upon winds for estimating drag wind
loads in establishing design wind criteria for structures. Reference is made
to subsection 5. 2.5 for some information appropriate to dynamic wind loads.

5.2.10.6 Wind Profile Construction

Given the peak wind at the 10-meter level, the peak wind profile
can be constructed with the peak wind profile law from subsection 5. 2. 5.
Equation (5.1) can be obtained by using the appropriate gust factors which
are discussed in subsection 5. 2. 7.
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To illustrate the procedures and operations in deriving the wind profile
and the application of the gust factors, three examples are worked out for
Cape Kennedy. The peak wind speed at the 10-meter level of 36, 49, and
62 m/sec (70, 95, and 120 knots) have been selected for these examples.
These three wind speeds were selected because they correspond to a return
period of 10, 100, and 1000 years for a peak wind at the 10-meter level at
Cape Kennedy.

Now, let us consider 36-, 49-, and 62-m/sec (70-, 95-, and 120-knot)
peak wind at the 10-meter level to be the design wind relative to the peak wind
at the 10-meter level (WD ) , and the corresponding return periods to be the

10

design return periods. Then the calculated risks versus the desired lifetimes
are given in Table 5. 2. 34.

FIGURE 6. 2. 34 CALCULATED RISK (U) VERSUS DESIRED LIFETIME
(N, years) FOR ASSIGNED DESIGN WINDS RELATED TO PEAK WINDS
AT THE 10-m REFERENCE LEVEL, CAPE KENNEDY

WDlo = 36 m/sec WDlo = 49 m/sec WD10 = 62 m/sec
(70 knots) (95 knots) (120 knots)
N TD = 10 years b= 100 years TD = 1000 years
(years) u% u% u%
i 10 1.0 0.1
10 65 10 1
120 88 18 2
25 93 22 2.5
30 95.8 26 3
50 99.5 39.5 5
100 99, 997 63. 397 10
TD = Design return period
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From an evaluation of equation (5. 1) for z = 10, 18, 3, 30.5, 61. 0,
91. 4, 121.9, and 152. 4 meters, the peak wind profiles corresponding to the
peak winds of 36, 49, and 62 m/sec (70, 95, and 120 knots) at the 10-meter
level, shown in Table 5. 2. 35, were obtained by a table look-up. Table 5. 2. 35
gives the peak design wind profiles corresponding to the desired lifetimes and
calculated risks presented in Table 5. 2. 34.

5.2.10.7 Use of Gust Factors Versus Height

In’estimating the drag load on a particular structure, it may be
determined that wind force of a given magnitude must act on the structure for
some period (for example, 1 min) to produce a critical drag load. To obtain
the wind profile corresponding to a time averaged wind, the peak wind profile
values are divided by the required gust factors. The gust factors for winds
> 15 m/sec (30 knots) versus height given in Table 5. 2. 36 are taken from
subsection 5. 2. 7. This operation may seem strange to those engineers who are
accustomed to multiplying the given wind by a gust factor in establishing the
design wind. This is because most literature on this subject gives the reference
wind as averaged over some time increment (for example, 1, 2, or 5 min) or
in terms of the "fastest mile" of wind that has a variable averaging time depend-
ing upon the wind speed. The design wind profiles for the three examples, that
is, in terms of the peak winds of 36, 49, and 62 m/sec (70, 95, and 120 knots)
at the 10-meter level, for various averaging times T, given in minutes, are
illustrated in Tables 5. 2. 37, 5. 2. 38, and 5. 2. 39. Following the procedures
presented by this example, the design engineer can objectively derive several
important design parameters that can be used in meeting the objective of
designing a facility that will (1) meet the requirements for utility and desired
lifetime, (2) withstand the maximum wind loading with a known calculated risk
of failure, caused by wind loads, and (3) allow him to proceed with trade-off
studies between the design parameters and to estimate the cost of building a
structure to best meet these design objectives. .

5.2.10.8 Recommended Design Risk Versus Desired Lifetime

Unfortunately, there is not a clear-cut precedent from building
codes to follow in recommending design risk for a given desired lifetime of a
structure. This could be because the consequences of total loss of a structure
due to wind forces differ according to the purpose of the structure. Conceivably,
a value analysis in terms of original investment cost, replacement cost, safety
of property and human life, loss of national prestige, and many other factors
could be made to give a measure of the consequences for the loss of a particular
structure in arriving at a decision as to what risk the management is willing to
accept for the loss within the desired lifetime of the structure. If the structure
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TABLE 5. 2. 35 DESIGN® PEAK WIND PROFILES FOR DESIGN WIND
RELATIVE TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

_ 36 m/sec _49 m/sec _ 62 m/sec
Height “Dy,” (70 knots) | WDy = (95 knots) | WDy, (120 knots)
()  (m) | (knots) (ms™) | (knots) (ms™) | (knots) (ms™
33 10 70.0 36.0 95.0 48.9 120.0  61.8
60 18.3 | 74.5 38.4 99.9 51.4 125.2  64.5
100 30.5 | 78.6 40.4 | 104.2 53.7 129.8  66.8
200 61.0 | 84.4 43.4 | 110.4 56.8 136.2  70.1
300 91.4 | 88.0 45.3 | 114.2 58.8 140.2  72.2
400 121.9 | 90.7 46.7 | 117.0 60.2 143.0  73.62
500 152.4 | 92.8 47.8 | 119.1 61.3 145.3 74,8

TABLE 5. 2. 36 GUST FACTORS FOR VARIOUS AVERAGING TIMES (r) FOR
PEAK WINDS > 15 m/sec (30 knots) AT THE 10-m REFERENCE LEVEL

VERSUS HEIGHT , CAPE KENNEDY

Height Various Averaging Times (1, min )

(ft) (m) 7=0.5 =1 T=2 T=5 =10
33 10 1.318 1.372 1.435. 1.528 1.599
60 18.3 1.268 1.314 i.366 1.445 1.505

100 30.5 1.232 1.271 1.317 1.385 1.437

200 61.0 i.191 1.223 1.261 1.316 1.359

300 91.4 1.170 1.199 1.232 1.282 1.320

400 121.9 1.157 i.183 1.214 1.260 1.295

500 152.4 1,147 1.172 1.204 1,244 1.277
6. See Table 5. 2. 34 for calculated risk values versus desired lifetime

for these design winds.
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TABLE 5. 2. 37 DESIGL." WIND PROFILES FOR VARIOUS AVERAGING
TIMES (7) FOR PEAK DESIGN WIND OF 36. 0 m/sec (70 knots) RELATIVE
TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

Height Design Wind Profiles for Various Averaging Times (7)

()| {m) 70 7=0. 5 T4 72 =5 7=10
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec)| (knots) | (m/sec) | (knots) | (m/sec) | (knots)

33| 10 36.0 70.0 27.3 53.1 26.2 51.0 25. 1 48. 8 23.6 45, 8 22.5 43. 8

60| 18.3 | 38.3 74.5 30.2 58.8 29.2 56.7 28.0 54. 5 26.5 51.6 25.5 49.5
100| 30.5 | 40.4 78.6 32.8 63. & 31.8 61.8 30.7 59.7 29.2 56.8 28,1 54.7
200 61.0 | 43. 4 84. 4 36.5 70. 9 35.5 69.0 54. 4 66. 9 33.0 64.1 31.9 62. 1
3001 91.4 45. 3 88.0 38.7 75. 2 37.8 73. 4 36.7 71. 4 35.3 68. 6 34.3 66. 7
400 {121, 9 | 46.7 90.7 40,3 78.4 39.5 76.7 38. 4 74.7 37.0 72.0 36.0 70.0
500 [152. 4 | 47.7 92.8 41.6 80.9 40.7 79. 2 39.8 7.8 38. 4 74. 6 37. 4 72.7

TABLE 5. 2. 38 DESIGN? WIND PROFILES FOR VARIOUS AVERAGING
TIMES (1) FOR PEAK DESIGN WIND OF 48. 9 m/sec (95 knots) RELATIVE

TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

Height Design Wind Profiles for Variovs Averaging Times (7)
(ft) | (m) T=0 7=0.5 7=1 T=2 7=5 =10
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | {m/sec) | (knots) | {m/sec)| (knots) | (m/sec) |(knots)

33| 10 48. 9 95.0 37.1 72.1 35.6 69.2 34.1 66. 2 32.0 62.2 30. 6 59. 4

60| 18.3 51.4 99.9 40.5 78. 8 39.1 76.0 37.6 73.1 35.5 69,1 34.2 66. 4
100 | 30.5 53.6 104.2 43.5 84. 6 42.2 82.0 40.7 79.1 38.7 75.2 37.3 72.5
200 | 61.0 56. 8 110. 4 47.7 92.7 46.5 90.3 45, 0 87.5 43.2 83. 9 41.8 81.2
3001 91.4 58.7 114.2 50.2 97.6 49.0 95.2 47.7 92.7 45. 8 89,1 44.5 86.5
400 1121, 9 60. 2 117.0 52.0 1011 50.9 98.9 49. 6 96. 4 47. 8 92.9 46.5 90. 3
500 [152. 4 61.3 118.1 53. 4 103. 8 52.3 101.6 51.0 99, 2 49. 2 95.7 48.0 93.3

7. See Table 5. 2. 34 for calculated risk values versus desired lifetime

for these design winds.
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- TABLE 5. 2. 39 DESIGN WIND? PROFILES FOR VARIOUS AVERAGING
TIMES (7) FOR PEAK DESIGN WIND OF 61.7 m/sec (120 knots) RELATIVE
TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

Height Design Wind Profiles for Various Averaging Times (1)

(1) { (m) =0 7=0.5 T=1 T=2 =5 =10
{m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) { (m/sec) | (knots) | (m/sec) | (knots)
33| 10 61.7 120.0 46.8 91. 0 45.0 87.5 43.0 83.6 40. 4 78.5 38.6 75.0
60] 18.3 64. 4 125.2 50.8 98. 7 49.0 95.3 47,2 91.7 44.6 86.6 42.8 83.2
100| 30.5 66. 8 129.8 54.2 105. 4 52.5 102. 1 50.7 98.6 48. 2 93.7 46.5 90.3
200 61.0 70.1 136. 2 58.9 114, 4 57.3 111.4 55.6 108.0 53. 2 103.5 51.5 100, 2
300( 91.4 721 140, 2 61.6 119, 8 60. 1 116.9 58.5 113.8 56.3 109. 4 54.6 106. 2
400(121.9 73.6 143.0 63.6 123. 6 62.2 120.9 60. 6 117.38 58. 4 113.5 56.8 110. 4
500(152. 4 74.7 145.3 65. 2 126.7 63. 8 124.0 62.2 121.0 60, 1 116.8 58.5 113.8

is an isolated shed then obviously its loss is not as great as a structure

that would house many people or a structure that is critical to the mission of
a large organization; nor is it as potentially unsafe as the loss of a nuclear
power plant or storage facility for explosives or highly radioactive materials.
To give a starting point for design studies aimed at meeting the design objec-
tives, it is recommended that a design risk of 10 percent for the desired
lifetime be used in determining the wind loading on structures that have a high
replacement cost. Should the loss of the structure be extremely hazardous to
life or property, or critical to the mission of a large organization, then a
design risk of five percent or less for the desired lifetime is recommended.
These are subjective recommendations involving arbitrary assumptions about
the design objectives. Note that the larger the desired lifetime, the greater
the design risk is for a given wind speed (or wind loading). Therefore,
realistic appraisals should be made for desired lifetimes.

5.2.10.9 Design Winds for Facilities at The Space and Missile Test Center,
(Vandenberg AFB), Wallops Island, White Sands Missile Range,
Edwards Air Force Base, New Orleans,? and Huntsville

5. 2. 10. 9. 1 The Wind Statistics

The basic wind statistics for these five locations are taken from
Reference 5. 13, which presents isotachs, in the form of maps, for the

8. See Table 5. 2. 34 for calculated risk values versus desired lifetime for
these design winds.

9. Includes Mississippi Test Facility area.
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50, 98, and 99 percentile values for the yearly maximum 'fastest mile' of
wind in the units miles per hour for the 30-foot ¢~10-m) reference height
above natural grade. By definition, the fastest mile is the fastest wind speed
in miles per hour of any mile of wind during a specified period (usually taken
as the 24-hour observational day), and the largest of these in a year for the
period of record constitutes the statistical sample of yearly fastest mile.
From this definition, it is noted that the fastest mile as a measure of wind
speed has a variable averaging time; for example, if the wind speed is 60 miles
per hour, the averaging time for the fastest mile of wind is 1 minute. For a
wind speed of 120 miles per hour, the averaging time for the fastest mile of
wind is 0. 5 minute. Thom reports that the Fréchet probability distribution
function fits his samples of fastest mile very well. The Freéchet distribution
function is given as ‘

@)

where the two parameters f and 7y are estimated from the sample by the
maximum likelihood method. From Thom's maps of the 50, 98, and 99
percentiles of fastest mile of wind for yearly extremals, we have estimated
(interpolated) for these percentiles for the five locations and calculated the
values for the parameters 8 and 7y for the Fréchet distribution function and
computed several additional percentiles, as shown in Table 5. 2. 40. To have
units consistent with the other sections of this document, the percentiles and
the parameters B and 7y have been converted from miles per hour to knots
and m/sec. Thus, Table 5. 2. 40 gives the Frechet distribution for the fastest
mile of winds at the 30-foot (~10-m) level for the five locations with the units
in knots and m/sec.

F(x) = e (5. 22)

The discussion in subsection 5. 2. 10. 2. 4, devoted to desired lifetime,
calculated risk, and design winds with respect to the wind statistics at a
particular height (10-m level) is applicable here, except that the reference
statistics are with respect to the fastest mile converted to knots and m/sec.

5. 2.10. 9. 2 Conversion of Fastest Mile to Peak Winds

It was mentioned in subsection 5. 2. 10. 3 that the Fréchet distri-
bution for the 17-year sample of yearly peak winds for Cape Kennedy was an
acceptable fit to this sample. The Fréchet distributions for the fastest mile
were obtained from Thom's data (maps) for Cape Kennedy. From these two
distributions (the Fréchet for the peak winds as well as for the fastest mile),
the ratio of the percentiles of the fastest mile to the peak winds were taken.
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This ratio varied from 1. 12 to 1. 09, over range of percentiles from the 30th
to the 99th. Thus, we adopted 1. 10 as a factor to multiply the statistics of the
fastest mile of wind to get the value in knots necessary to obtain peak
(instantaneous) wind statistics. This procedure is based upon the evidence

of only one station. A gust factor of 1. 10 is often applied to the fastest mile
statistics in facility design work to account for gust loads.

5.2.10. 9.3 The Peak Wind Profile

The peak wind profile law adopted for the five locations for peak
winds at the 10-meter level greater than 22. 6 m/sec (44 knots) is

. 1/7
u, = uy (1—0-> (5. 23)

where uy, is the peak wind at the 10-meter height and u is the peak wind at
height z in meters.

5. 2.10. 9.4 The Mean Wind Profile

To obtain the mean wind profile for various averaging times, the
gust factors given in subsection 5. 2.7, are applied to the peak wind profile
as determined by equation (5. 23).

5. 2.10. 9.5 Design Wind Profiles for Six Station Locations

The design peak wind profiles for the peak winds in Table 5. 2. 41
are obtained from the adopted peak wind power law given by equation (5. 23),
and the mean wind profile for various averaging times are obtained by dividing
by the gust factors for the various averaging times. (The gust factors versus
height and averaging times are presented in Table 5. 2. 36.) The resulting
selected design wind profiles for design return periods of 10, 100, and 1000
years for the five stations are given in Tables 5. 2. 42 through 5. 2. 56, in
which values of 7 are given in minutes. The design risk versus desired
lifetime for the design return periods of 10, 100, and 1000 years is presented
in Table 5. 2. 47.
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TABLE 5.2.41 PEAK WIND™ (fastest mile values times 1.0) FOR THE 10-m
REFERENCE LEVEL FOR 10-, 100-, AND 1000-YEAR RETURN PERIODS

Peak Winds
Ty saMTEC? Wallops
(years) Huntsville New Orleans and White Sends Island Edwards AFB
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots)
10 29. 4 57.2 33.2 64. 5 26.8 52. 1 36.8 71.5 19.9 38.7
100 42,1 81.8 48,9 95.0 39.3 76.3 53.8 104.5 35.7 69. 4
1000 60.0 116.6 71.4 138.7 56.9 110.7 78.0 151.6 63.7 123.9
a. Vandenberg AFB, California.

TABLE 5. 2. 42 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 29. 4 m/sec (57. 2 knots)
(10-year return period) FOR HUNTSVILLE, ALABAMA

Height Facilities Design Wind as a Function of Averaging Time (1)
T=0 7=0.5 T=1 T=2 T=5 =10
(ft}{ (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) (knots) | (m/sec) | (knots) | (m/sec) | (knots)
334 10 29.4 57.2 22. 3 43. 4 21.5 41,7 20.5 39.9 19.2 37. 4 18. 4 35. 8
60} 18.3 32.1 62. 4 25.3 49, 2 24. 4 47.5 23.5 45.7 22, 2 43.2 21.3 41.5
100} 30.5 34.5 67.1 28.0 54.5 27.2 52.8 26, 2 50.9 24.9 48. 4 24.0 46.7
200| 61.0 38.1 74.1 32.0 62,2 31.2 60.6 30.2 58.8 29.0 56. 3 28.0 54.5
300; 91.4 40. 4 78.5 34.5 67.1 33.7 65.5 32.8 63.7 31.5 61.2 30.6 59.5
4001121, 9 42.1 81.8 36.4 70.7 31.2 60.7 34.7 67.4 33.4 64. 9 32,5 63. 2
5001152, 4 43.0 83.6 3.5 72.9 36. 7 71.3 35.8 69. 6 34.6 67.2 33.7 65. 5
i
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TABLE 5. 2. 43 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (7) FOR A PEAK WIND OF 42. 1 m/sec (81. 8 knots)
(100-year return period) FOR HUNTSVILLE, ALABAMA

—_I Facilities Design Wind as a Function of Averaging Time (7)
Height
7=0 70,5 Tt T=2 T=5 =10
(ft) (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots)

33 10 42.1 81.8 31.9 62.1 30.7 59. 6 29,3 57.0 27.5 53.5 26.3 51,2

60 18.3 45.9 89.2 36.2 70.3 34. 9 67.9 33.6 65.3 31.7 61.7 30.5 59.3
100 30.5 49. 3 95.9 40.0 7.8 38. 8 75.5 37.5 72.8 35. 6 69. 2 34.3 66.7
200 61.0 54.5 105.9 45,7 88.9 44. 6 86. 6 43. 2 84,0 41. 4 80.5 40.1 77.9
300 91.4 57.7 112, 2 49.3 95.9 48. 2 93. 6 46. 9 91.1 45.0 87.5 43.7 85.0
400 121.9 59.9 116.5 51.8 100. 7 50.7 98.5 49. 4 96. 0 47.6 92.5 46. 3 90.0
500 152.4 61.5 119.5 53.6 104, 2 52.5 102.0 51.2 99.5 49. 4 96,1 48,2 93. 6

TABLE 5. 2. 44 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 60.0 m/sec (116. 6 knots)
(1000-year return period) FOR HUNTSVILLE, ALABAMA

Height Facilities Design Wind as a Function of Averaging Time (71)
T=0 7=0.5 T=1 =2 T=5 T=10
(1) | (m) (peak)
(m/sec) | (knots) } {m/sec) [ (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec){ (knots) | (m/sec) | (knots)
33| 10 60.0 116.6 45.5 88.5 43.7 85.0 41.8 81.3 39.2 76. 3 37.5 72.9
60 18.3 65. 3 127.0 51.5 100. 2 49.7 96. 7 47.8 93.0 45. 2 87.9 43. 4 84.4
100} 30.5 70.3 136. 6 57.1 110. 9 55. 3 107.5 53.3 103.7 50.7 98. 6 48.9 95. 1
2001 61.0 77.6 150. 8 65.1 126. 6 63. 4 123.3 61.5 119. 6 59.0 114. 6 57.1 111, 0
3004 91.4 82.2 159. 8 70.3 136.6 68. 6 133.3 66.7 129.7 64.1 124. 6 62. 3 121.1
400 |121.9 85.7 166. 5 74.0 143.9 72.4 140.7 70.5 137.1 68.0 132.1 66. 2 128.6
500 1152. 4 88. 4 171.9 77.1 149.9 75.5 146.7 73. 6 143. 1 7.1 138.2 69. 2 134. 6
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TABLE 5. 2. 45 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 33. 2 m/sec (64.5 knots)
(10-year return period) FOR NEW ORLEANS

Height Facilities Design Wind as a Function of Averaging Time (7)
7=0 7=0.5 =1 T=2 =5 =10
(ft){ (m) (peak)
(m/sec) | (knots) [ (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) (m/sec) | (knots) | (m/sec) | (knots)

33] 10 332 64.5 25.2 48.9 24.2 47.0 23.1 44,9 21.7 42.2 20,7 40.3

60| 18.3 36. 2 70.3 28.5 55. 4 27.5 53.5 26.5 51.5 25.1 48.7 24.0 46.7
100§ 30.5 38.9 75. 6 31.6 61.4 30.6 59.5 29.5 57. 4 28.1 54.6 27.1 52.6
200] 61.0 43.0 83.5 36. 1 70.1 35.1 68.3 34.1 66. 2 32.6 63. 4 31.6 61.4
300| 91.4 45.5 88.5 38.9 75.6 38.0 73.8 36.9 71.8 35.5 69.0 34.5 67.0
400(121.9 47. 4 92.2 41.0 79.7 40. 1 7.9 39.0 75. 9 37.7 73.2 36. 6 71.2
500|152, 4 48.5 94. 3 42.3 82.2 41. 4 80.5 40. 4 78.5 39.0 75. 8 38.0 73.8

TABLE 5. 2.46 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 48. 9 m/sec (95.0 knots)
(100-year return period) FOR NEW ORLEANS

Height Facilities Design Wind as a Function of Averaging Time (7)
T=0 7=0.5 =1 =2 T=5 =10

(ft)| (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) (knots) | (m/sec) | (knots) | (m/sec)| (knots)
33| 10 48.9 95.0 37.1 72.1 35.6 69.2 34.1 66, 2 32.0 62. 2 30.6 59.4
60 8.3 53.3 103. 6 42.0 81.7 40.5 78.8 39.0 75.8 36.9 7.7 35. 4 68.8
1007 30.5 57.3 111, 1 46.5 90. 4 45.1 87.6 43.5 84.6 41,4 80. 4 40. 8 79.3
200] 61.0 63.3 123.0 53.1 103.3 51.8 100. 6 50. 2 97.5 48, 1 93.5 46.6 90.5
300 91.4 67.0 130.3 57.3 111. 4 55. 9 108.7 54. 4 105. 8 52.3 101. 6 50. 8 98.7
400 |121.9 69.9 135.8 60. 4 117. 4 59.1 114.8 57.6 111, 9 55.5_ 107.8 54.0 104.9
5001152, 4 71.4 138.8 62.2 121.0 60. 9 118.4 59.5 115.6 57.4 111.6 55.9 108.7
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TABLE 5. 2. 47 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 71.4 m/sec (138.7 knots)
(1000-year return period) FOR NEW ORLEANS
Height Facilities Design Wind as a Function of Averaging Time (7)
T=0 720,53 r=1 T=2 w5 =10
{ft) | (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots} | (m/sec) | (knots)
33| 10 1.4 138.7 54. 1 105.2 52.0 101. 1 49.7 96. 7 46.7 90. 8 44.6 86.7
60! 18.3 7.8 151.2 61.3 119. 2 59.2 115.1 56.9 110.7 53.8 104. 6 51.7 100.5
100 30.5 83.7 162.7 68. 0 132.1 65. 8 128.0 63.5 123.5 60. 4 117.5 58.2 113.2
200] 61.0 92.4 179.6 77.6 150. 8 75. 6 146.9 73.3 142, 4 70.2 136.5 68.0 132.2
300 91.4 97. 9 190.3 83.6 162.6 81.6 158.7 79.5 154.5 76. 3 148. 4 74. 2 144. 2
4004121, 9 102. ¢ 198.2 88.1 171.3 86. 2 167.5 84.0 163. 3 80. 9 157.3 78.8 153. 1
500)152. 4 104.3 202.7 90. 9 176.7 89.0 173.0 86. 8 168. 8 83.8 162. 9 81.6 158.7

TABLE 5.2.48 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (7) FOR A PEAK WIND OF 26. 8 m/sec (52.1 knots)
(10-year return period) FOR THE SPACE AND MISSILE TEST CENTER
AND WHITE SANDS MISSILE RANGE

Height Facilities Design Wind as a Function of Averaging Time (7)
T 7=0.5 T=1 T=2 =5 T=10
(ft) | (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | {m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | {m/sec) |{knots)

33} 10 26.8 52,1 20. 3 39.5 19.5 38.0 18,7 36. 3 17.56 34. 1 16. 8 32.6

60| 18.3 28,2 56.8 23.0 44. 8 22.2 43. 2 21. 4 41.6 20.2 39.3 19. 4 37.7
100| 30.5 31.4 61.1 25.5 49. 6 24.7 48.1 23.9 46. 4 22.7 44.1 21.9 42.5
200| 61.0 34.7 67.5 29. 2 56.7 28.4 55.2 27.5 53.5 26.4 51,3 26.6 49.7
300( 91.4 36.8 1.5 31,4 61.1 30.7 59.6 29. 8 58. 0 28.7 55.8 27.9 54,2
400 (121.9 38.3 74.5 33. ¢ 64. 4 32.4 63.0 31.6 61.4 30. 4 59.1 29.6 57.5
5001152, 4 39.1 76,1 34.1 66.3 33.4 64. 9 32.6 63.3 31.5 61.2 30.7 59. 6
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TABLE 5. 2. 49 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 39. 3 m/sec (76. 3 knots )
(100-year return period) FOR THE SPACE AND MISSILE TEST CENTER
AND WHITE SANDS MISSILE RANGE

Height Facilities Design Wind as a Fuaction of Averaging Time (7)
T=0 7=0.5 =1 T=2 =5 =10
(ft)} (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec)| (knots) | (m/sec) | (knots) | (m/sec) | (knots)

33| 10 39.3 76.3 29,8 57.9 28,6 55.6 27.4 53. 2 25,7 49.9 24,5 47.7

601 18.3 42.8 83.2 33.7 65.6 32.6 63.3 3.3 60.9 29.6 57.6 28. 4 55.'3
100] 30.5 46.0 89.5 37.3 72. 6 36. 2 70. 4 35.0 68.0 33.2 64. 6 32.0 62.3
200 61.0 50.8 98.8 42.7 83.0 41.6 80,8 40,3 78.4 38.6 75.1 37. 4 72.7
300| 91.4 53.9 104.7 46. 0 89. 5 44,9 87.3 43.7 85.0 42,0 81.7 40, 8 79.3
400 (121.9 56.1 109.1 48.5 94,3 47. 4 92.2 46. 2 89.9 44.6 86. 6 43.3 84.2
500 [152. 4 57.4 111.5 50.0 97.2 48.9 95.1 47.7 92.8 46. 1 89.6 44,9 87.3

TABLE 5. 2. 50 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (1) FOR A PEAK WIND OF 56. 9 m/sec (110. 7 knots)
(1000-year return period) FOR THE SPACE AND MISSILE TEST CENTER
AND WHITE SANDS MISSILE RANGE

I

Height Facilities Design Wind as a Function of Averaging Time (7)
T=0 T=0.5 T=1 T=2 T=5 T=10
(ft) | (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) (m/sec) | (knots) | (m/sec) | (knots)

33( 10 56. 9 110.7 43.2 84.0 41.5 80.7 39,7 7.1 37.2 72.4 35.6 69,2

60 18.3 62.1 120, 7 49.0 95. 2 47.3 91.9 45.5 88.4 43.0 83.5 41.3 80.2
100] 30.5 66. 8 129. 8 54.2 105. 4 52.5 102.1 50.7 98. 6 48. 2 93.7 46.5 90.3
200 61.0 73.7 143.3 61.9 120.3 60. 3 117.2 58. 4 113.6 56. 0 108.9 54. 2 105. 4
300 91.4 78.1 151.9 66. 8 129. 8 65, 2 126.7 63.4 123. 3 61.0 118.5 59.2 115.1
400 1121.9 81.4 158. 2 70. 3 136.7 68.8 133.7 67.0 130. 3 64.6 125.6 62.9 122.2
5001152, 4 83.2 161, 8 72,6 141.1 71.0 138. 1 69.3 134.7 66.9 130.1 65. 2 126.7




5. 66

TABLE 5.2.51 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (7) FOR A PEAK WIND OF 36. 8m/sec (71. 5 knots)
(10-year return period) FOR WALLOPS TEST RANGE

Height Facilities Design Wind as a Function of Averaging Time (1)
T7=0 7=0, 5 T=1 T=2 7=5 T=10
(ft) | (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots)

33| 10 36. 8 71.5 27.9 54, 2 26.8 52.1 25.6 49.8 24.1 46. 8 23.0 4.7

60| 18.3 40.1 77.9 31.6 61.4 30.5 59. 3 29.3 57.0 27.7 53.9 26.6 51.8
100} 30.5 43.1 83.8 35. 0 68.0 33.9 65. 9 32,7 63. 6 31.1 60.5 30.0 58.3
200 61.0 47.6 92.6 40.0 .7 38.9 75.7 37.8 73. 4 36. 2 70. 4 35.0 68.1
3001 91.4 50.5 98.1 43.1 83. 8 42.1 81.8 40.9 79.6 39.4 76.5 38.2 74.3
400121, 9 52. 6 102. 2 45, 4 88. 3 44. 4 86. 4 43.3 84,2 41.7 81.1 40. 6 78.9
500152, 4 53.8 104.5 46. 9 91,1 45. 9 89. 2 44.8 87.0 43.2 84.0 42,1 81.8

TABLE 5. 2. 52 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (7) FOR A PEAK WIND OF 53. 8 m/sec (104. 5 knots)
(100-year return period) FOR WALLOPS TEST RANGE

Height Facilities Design Wind as a Function of Averaging Time (7)
T=0 7=0.5 7=1 T=2 7=5 7=10

(ft)] (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots)
33; 10 . 53.8 104. 5 40.8 79.3 39.2 76. 2 37.5 72.8 35.2 68. 4 33.6 65. 4
60| 18.3 58.6 113.9 46,2 89. 8 44. 6 86.7 42. 9 83.4 40.5 78.8 38.9 75.7
100| 30.5 63.0 122.5 51.1 99. 4 49. 6 96. 4 47.8 93.0 45.5 88. 4 43.8 85.2
200| 61.0 69.6 136. 3 58. 4 113. 6 56. 9 110. 6 55.2 107.3 52.9 102. 8 51.2 99. 6
300( 91.4 73.8 143. 4 63.1 122. 6 61.5 119.6 59.9 116. 4 57.6 111.9 55.9 108. 6
400(121.9 76. 9 149. 4 66. 4 129, 1 65.0 126.3 63.3 123.4 61.0 118. 6 59. 4 115.4
500| 152. 4 78.6 152.7 68.5 133. 1 67.0 130.3 65. 4 127,14 63. 1 122.7 61.5 118. 6
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TABLE 5. 2. 53 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (7) FOR A PEAK WIND OF 78. 0 m/sec (151.6 knots)

(1000-year return period) FOR WALLOPS TEST RANGE

Height Facilities Design Wind as a Function of Averaging Time (7)
=0 =0, § T=1 =2 =5 =10
(ft) | (m) (peak)
(m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) | (knots) | (m/sec) (knots) | (m/sec) | (knots)
33| 10 78.0 151. 6 59. 2 115.0 56.8 110.5 54.3 105, 6 51.0 99, 2 48.8 94. 8
60 | 18,3 85.0 165. 3 67.1 130. 4 64.7 125.8 62,2 121,0 58.9 114. 4 56.5 109, 8
100 | 30.5 91.5 177.8 74. 2 144,3 72.0 139.9 69. 4 135.0 66. 1 128, 4 63. 6 123.7
200 | 61.0{ 101.0 196.3 84.8 164.8 82.6 180.5 50. 1 155.7 76.8 149, 2 74.3 144. 4
300 ) 91.4( 107.0 208, 0 91,5 177.8 89.3 173.5 86.9 168.9 83.4 162. 2 81,1 167.6
400 121,97 111.5 216.7 96. 4 187.3 94,2 183.2 91.8 178.5 88.5 172.0 86. 1 167. 3
500 [152.4| 113.9 221.5 99,3 ‘ 193.1 97. 2 189.0 94.9 184. 4 91.6 178.1 89.3 ‘ 173.5

TABLE 5. 2. 54 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (7) FOR A PEAK WIND OF 19, 9 m/sec (38.7 knots)
(10-year return period) FOR EDWARDS AFB

Height Facilities Design Wind as a Fuaction of Averaging Time (7)
=0 17=0. 5 =1 =2 =5 T=10
(ft)| (m) (peak)
(knots) [(m/sec)| (knots) |(m/sec)| (knots) |(m/sec)| (knots) |(m/sec)| (knots) |(m/sec)| (knots) |(m/sec)

33 10 38.7 19,9 29.4 15.1 28.2 14,5 27.0 13.9 25.3 13.0 24.2 12. 4

60 18.3| 42.1 21,7 33.2 17.1 32,0 16.5 30.8 15.8 29.1 15.0 28.0 14,4
100 30.5| 45.1 23.2 36. 6 18.8 35.5 18.3 34.2 17.6 32.6 16.8 31.4 16. 2
200 61,0 | S50.1 25.8 42. 1 21.7 41,0 2.1 39.7 20. 4 38.1 19.6 36. 9 19.0
300 91.4| 53.1 27.3 45. 4 23.4 44.3 22. 8 43.1 22.2 41.4 28.3 40, 2 20.7
400 { 121,91 55.3 28. 4 47. 8 24.6 46.7 24,0 45.6 23.5 43,9 22.6 42,7 22.0
500 | 152.4| 57.1 29. 4 49. 8 25.6 48.7 25, 1 47.5 24. 4 45,9 23.6 44.7 23.0
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TABLE 5. 2,55

TIME

(100-year return period) FOR EDWARDS AFB

FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
(7) FOR A PEAK WIND OF 35.7 m/sec (69. 4 knots)

Height Facilities Design Wind as a Function of Averaging Time (1)
=0 7=0.5 T=1 T=2 7=5 =10
(ft) | (m) (peak)
(knots) |(m/sec)| (knots) |(m/sec) | (knots) l(m/sec)] (knots) [(m/sec) | (knots) |(m/sec)| (knots) [(m/sec)

33 10 69. 4 35.7 52.7 27.1 50.6 26.0 48. 4 24.9 45. 4 23. 4 43.4 22.3

60 18.3 75.5 38.8 59.5 30.6 57.5 29.6 55.3 28.4 52.2 26.9 50. 2 25. 8
100 30.5 80.9 41.6 65.7 33.8 63.7 32.8 61.4 31.6 58. 4 30.0 56. 3 29.0
200 61.0 89. 9 46. 2 75.5 38.8 73.5 37.8 71.3 ‘ 36.7 68.3 35.1 66. 2 34.1
300 981.4 95.2 | 49.0 81.4 41.9 79. 4 40, 8 77.3 39.8 74. 3 38.2 72.1 37.1
400 [121.9 99. 2 51.0 85.7 44,1 83.9 43.2 81.7 | 42.0 78.7 40.5 76. 6 39. 4
500 [152.4| 102.4 52.7 89. 3 45.9 87. 4 45. 0 85.3 43. 9 82.3 42,3 80. 2 41.3

TABLE 5. 2. 56 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING
TIME (7) FOR A PEAK WIND OF 63. 3 m/sec (123. 0 knots)
(1000-year return period) FOR EDWARDS AFB

Facilities Design Wind as a Function of Averaging Time (7)

Height
7=0 7=0,5 T={ T=2 7=5 =10
(ft) | (m) (peak)
(knots) |(m/sec)| (knots) | (m/sec) | (knots) |(m/sec)| (knots) [{m/sec)| (knots) |(m/sec)| (knots) |(m/sec)

33 10 123.0 63.3 93.3 48. 0 89.7 46. 1 85.7 44. 1 80.5 41. 4 76.9 39.6

60 18.3| 133.8 68.8 105.5 54. 3 101. 8 52. 4 98.0 50. 4 92.6 47.6 88.9 45.7
100 30.5( 143.2 737 116. 2 59.8 112.7 58.0 108.7 55. 9 103. 4 53.2 99.7 51,3
200 61,0 159.3 82.0 133. 8 68.8 130.3 67.0 126.3 65.0 121.0 62.2 117.2 60. 3
300 91. 4 168.7 86. 8 144, 2 74. 2 140.7 72.4 136. 9 70. 4 131.6 67.7 127.8 65.7
400 |121.9} 175.8 90. 4 151.9 78. 1 148. 6 76. 4 144. 8 74.5 139.5 71.8 135. 8 69.9
500 |152.4 181.5 983. 4 158.2 81. 4 154.9 79.7 161.1 7.7 145.9 75. 1 142.1 73.1
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5.3 Inflight Winds

5.3.1 Introduction

Inflight wind speed profiles are used in vehicle design studies
primarily to establish structural and control system capabilities and compute
performance requirements. The inflight wind speeds selected for vehicle
design may not represent the same percentile value as the design surface wind
speed. The selected wind speeds (inflight and surface) are determined by the
desired vehicle launch capability and can differ in the percentile level since
the inflight and surface wind speeds differ in degree of persistance for a given
reference time period and are statistically independent,

Wind information for inflight design studies is presented in three
basic forms: discrete or synthetic profiles, statistical distributions, and
measured profile samples. A detailed discussion of these three types of
presentations and their uses may be found in Reference 5. 14. There are cer-
tain limitations to each of these wind input forms, and their utility in design
studies depends upon a number of considerations such as, (1 ) accuracy of
basic measurements, (2) complexity of input to vehicle design, (3) economy
and practicality for design use, (4) ability to represent significant features
of the wind profile, (5) statistical assumption versus physical representation
of the wind profile, (6) ability of input to ensure control system and structural
integrity of the vehicle, and (7) flexibility of use in design trade-off studies.

An accurate and adequate number of measured wind profiles are nec-
essary for developing a valid statistical description of the wind profile.
Fortunately, current records of data from some locations (Cape Kennedy in
particular) fulfill these requirements, although a continuing program of data
acquisition is vital to further enhance the confidence of the statistical informa-
tion generated. Various methods and sensors for obtaining inflight profiles
include the rawinsonde, the FPS-16 Radar/Jimsphere, and the rocketsonde.
The statistical analyses performed on the inflight wind profiles provide detailed
descriptions of the upper winds and an understanding of the profile character-
istics such as temporal and height variations, as well as indications of the
frequency and the persistence of transient meteorological systems.

The synthetic type of wind profile is the oldest method used to present
inflight design wind data. The synthetic wind profile data are presented
in this document since this method of presentation provides a reasonable
approach for most design studies when properly used, especially during the
early design periods. Also, the concept of synthetic wind profiles is generally
understood and employed in most aerospace organizations for design computa-
tions. It should be understood that the synthetic wind profile includes the

wind speed, wind speed change, maximum wind layer thickness, and gusts that
are required to establish vehicle design values.
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Generally, launch vehicles for use at various launch sites and in com-
prehensive space research mission and payload configurations are designed by
use of synthetic wind profiles based upon scalar wind speeds without regard to
specific wind directions. However, if a vehicle is restricted to a given launch
site, rather narrow flight azimuths, and a specific configuration and mission,
winds based upon components (head, tail, left cross or right cross) are used.
For a given percentile, the magnitudes of component winds are equal to or less
than those of the scalar winds. Component or directional dependent winds
should not be employed in initiated design studies unless specifically authorized
by the cognizant design organization.

Selection of a set of detailed wind profiles for final design verification
and launch delay risk calculations requires the matching of vehicle simulation
resolution and technique to frequency content of the profile. These detail wind
profile data sets are currently becoming available and should be utilized to
assure an understanding of the vehicle design capability relative to potential
operational wind loads.

The synthetic wind profile provides a conditionalized wind shear/ gust
condition with respect to the given design wind speed. Therefore, in concept,
it should produce a vehicle design which has a launch delay risk not greater
than a specified value which is generally the value associated with the design
wind speed. This statement, although generally correct, depends on changes
made in the control system response characteristics, for example. In using
the design verification selection of detailed wind profiles a joint condition of
wind shear, gust, and speeds is given. Therefore, the resulting launch delay
risk for a given vehicle design is the specified value computed. For the
synthetic profile a vehicle inflight wind speed capability and maximum launch
delay risk may be stated which is conditional upon the wind/gust design values.
However, for the selection of detailed wind profiles only a vehicle launch risk
value may be given, since the wind characteristics are treated as a joint con-
dition. These two differences in philosophy should be understood to avoid
misinterpretation of vehicle response calculation comparisons. In both cases
allowance for a vehicle's non-nominal characteristics should be made prior to
flight simulation through the wind profiles and establishment of vehicle design
response or operational launch delay risk values. The objective is to insure
that a space vehicle will accommodate the desired percentage of wind profiles
or conditions in its non-nominal flight mode.

5.3.2 Wind Aloft Climatology

The development of design wind speed profiles and associated
shears and gusts require use of the measured wind speed and wind direction data
collected at the area of interest for some reasonably long period of time, i.e.,
five years of longer. The subject of wind climatology for an area, if treated in
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detail, would make up a voluminous document. The intent here is to give a brief
treatment of selected topics that are frequently considered in space vehicle deve-

lopment and operations problems and provide references to more extensive infor-
mation.

Considerable data summaries ( monthly and seasonal) exist
on wind aloft statistics for the-world. However, it is necessary to interpret
these data in terms of the engineering design problem and design philosophy.
For example, wind requirements for performance calculations relative to air-
craft fuel consumption requirements must be derived for the specific routes and
design reference period. Such data are available on request.

5.3.3 Wind Component Statistics

Wind component statistics are used in mission planning to
provide information on the probability of exceeding a given wind speed in the
pitch or yaw planes and to bias the tilt program at a selected launch time.

Computation of the wind component statistics are made for various
launch azimuths (15-degree intervals were selected at MSFC) for each
month for the pitch plane (range) and yaw plane (cross range) at the Eastern
Test Range and the Space and Missile Test Center (Vandenberg AFB,
California).

References 5. 15, 5.16, 5. 17, and 5. 18 contain information on the
statistical distributions of wind speeds and component wind speeds for the
test ranges at Cape Kennedy, Florida; El Paso, Texas; Santa Monica, California;
and Wallops Island, Virginia. The Range Reference Atmosphere Documents
(Ref. 5.18) provide similar information for other test ranges.

5.3.3.1 Idealized Annual Wind Component Envelopes — Windiest
Monthly Reference Period Concept

To provide information on the wind distribution for an entire
year, envelopes for the Space and Missile Test Center (Ref. 5.19) are most
useful because the data are based upon monthly wind distributions. Thus, the
data can be used to determine the worst condition expected for a selected launch
azimuth during any month of the entire year. Similar data are available for the
Eastern Test Range (Ref. 5. 20).!% (Also see subsection 5. 3. 5. 2).

10. References 5. 19 and 5. 20 are currently being updated and the interested
user should request a copy of the new report from Aerospace Environ-
ment Division, NASA-Marshall Space Flight Center.
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5.3.38.2 Upper Wind Correlations

Coefficients of correlations of wind components between altitude
levels with means and standard deviations at altitude levels may be used in a
statistical model to derive representative wind profiles. A method of preparing
synthetic wind profiles by use of correlation coefficients between wind compo-
nents is described in Reference 5. 21. In addition, these correlation data are
applicable to certain statistical studies of vehicle responses (Ref. 5.22).

Data on correlations of wind between altitude levels for various geo-
graphical locations are presented in References 5. 23, 5. 24, and 5. 25. The
reports give values of the interlevel and intralevel coefficients of linear
correlations between wind components. Because of the occurrence of the
regular increase of winds with altitude below and the decrease of winds above
the 10- to 14-kilometer level, the correlation coefficients decrease with greater
altitude separation of the levels being correlated. Likewise, the highest
correlation coefficients between components occur in the 10- to i4-kilometer
level.

5.3.3.3 Thickness of Strong Wind Layers (Ref. 5. 26)

Wind speeds in the middle latitudes generally increase with
altitude to a maximum between 10- and 14-kilometers. Above 14 kilometers,
the wind speeds decrease with altitude, then increase at higher altitude,
depending upon season and location. Frequently, these winds exceed 50 m/sec
in the jet stream, a core of maximum winds over the midlatitudes in the
10- to t14-kilometer altitudes. The vertical extent of the core of maximum
winds, or the sharpness of the extent of peak winds on the wind profile is
important in some vehicle design studies.

Table 5. 3.1 shows the design vertical thickness (based on maximum
thickness) of the wind layers for wind speeds of 50, 75, and 97 m/sec for the
Eastern Test Range. Similar data for the Space and Missile Test Center are
given in Table 5. 3. 2. At both ranges, the thickness of the layer decreases with
increase of wind speed; that is, the sharpness of the peak is greater with
greater winds.

5.3.3. 4 Exceedance Probabilities

The probability of inflight winds exceeding or not exceeding
some critical wind speed for a specified time duration may be of considerable
importance in mission planning, and in many cases, more information than
just the occurrence of critical winds is desired. If a dual launch, with the
second vehicle being launched ! to 3 days after the first, is planned, and if
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TABLE 5. 3.1 DESIGN THICKNESS FOR STRONG WIND LAYERS
AT THE EASTERN TEST RANGE

Quasi-Steady-State Maximum Thickness Altitude Range
Wind Speed (+5 ms-1) (km) (km)

50 4 8.5 to 16.5

75 2 10.5 to 15.5

92 1 10.0 to 14.0

TABLE 5. 3.2 DESIGN THICKNESS FOR STRONG WIND LAYERS AT THE
SPACE AND MISSILE TEST CENTER (Vandenberg AFB, - California)

Quasi-Steady-State Maximum Thickness Altitude Range
Wind Speed (x5 ms™1) (km) (km)
50 ’ 4 8.0 to 16
75 2 9.5 to 14

the launch opportunity extends over a 10-day period, what is the probability
that winds below (or above) critical levels will last for the entire 10 days?
What is the probability of 2 or 3 consecutive days of favorable winds in the
10-day period? Suppose the winds are favorable on the scheduled launch day,
but the mission is delayed for other reasons. Now, what is the probability
that the winds will remain favorable for 3 or 4 more days? Answers to these
questions could also be used for certain design considerations involving
specific vehicles prepared for a given mission and launch window.

5.3.3.4.1 Empirical Exceedance Probabilities

To provide inflight wind information useful in mission analysis
type studies, the Cape Kennedy serially complete radiosonde wind observations
were subjected to statistical analyses described below. All calculations were
conducted using the maximum wind speed in the 10- to 15-kilometer altitude
layer.

From an analysis independent of that for exceedance probabilities,
the run probabilities and conditional probabilities for the same data sample
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(the maximum wind speed 10 to 15 km over Cape Kennedy) were computed
for specified wind speeds. Since these statistics were determined at different
times and with different techniques, the notation is slightly different. The
most satisfying feature is that the resulting statistics are identical, giving
rise to confidence in the correctness of the computation processes, as well
as providing an independent approach to the same problem. Figure 5. 3.1

is a useful graphic form to display the probabilities of runs.

5.3.3.4.2 Empirical Multiple Exceedance Probabilities

The longest succession of maximum wind speed in the 10- to
15-kilometer layer with wind speed 2 75 m/sec occurred during the winter of
1958. This year would be referred to as a high wind year. In terms of runs,
the longest runs = 75 m/sec by months are given in Table 5. 3. 3.

The counting rule for runs is as follows: If a run begins in one month
and extends into the following month, it is counted as a run for the month in
which it begins.
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FIGURE 5. 3.1 PROBABILITY OF THE MAXIMUM WIND SPEED.IN THE
10- TO 15-km LAYER BEING LESS THAN, EQUAL TO, OR GREATER
THAN SPECIFIED VALUES FOR k-CONSECUTIVE 12-hr PERIODS
DURING JANUARY AT CAPE KENNEDY
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TABLE 5. 3. 3 DATES OF LONGEST RUNS OF WIND SPEEDS GREATER
THAN OR EQUAL TO 75 m/sec IN THE 10- TO 15-km LAYER
) AT CAPE KENNEDY

Maximum Length of Run Dates and Times
in 12-hour Periods Date Inclusive
6 Jan 1958 25, 1200Z - 27, 12002
14 Feb 1958 10, 0000Z - 16, 1200Z
7 Mar 1958 28, 1200Z - 31, 12002
3 Apr 1958 15, 1200Z - 16, 1200Z
(There were no values = 75 m/sec for May through Oct for any year)
6 Nov 1956 25, 0300Z - 27, 1500Z
4 Dec 1956 29, 0300Z - 30, 1500Z

Beginning at 1200Z on January 25, 1958, the wind blew at a speed
= 75 m/sec for 53 12-hour periods (26. 5 days) with only six exceptions:
There were two single breaks; that is, twice the wind dropped below 75 m/sec,
twice the wind dropped below 75 m/sec for two 12-hour periods, and twice the
wind dropped below 75 m/sec for three 12-hour periods. For this particular
sample period of 53, there was a 77-percent chance that the wind was =
75 m/sec. Yet, for the entire sample of eight Januaries, there was a 6-percent
chance that the wind speed was 275 m/sec in the 10- to 15-kilometer layer.

5.3.3.4.3 Current Exceedance Probability Work

Considerable exceedance probability work related to mission
planning and analysis of runs has been accomplished. These data will be
provided upon request to the Aerospace Environment Division, MSFC.

5.3.3.5 Design Scalar Wind Speeds (10-15 km Altitude Layer)

The distributions of design scalar wind wind speed in the 10- to
15-kilometer altitude layer over the United States are shown in Figure 5. 3. 2
for the 95 percentile and Figure 5. 3. 3 for the 99 percentile values. The line
of maximum isopleths (maximum wind speeds) are shown by heavy lines with

arrows. These winds occur at approximately the level of maximum dynamic
pressure for most space vehicles.
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5.3.3.6 Inflight Wind Variation

Studies by Camp and Susko for Cape Kennedy (Ref. 5.27) and
Camp and Fox for Santa Monica (Ref. 5.28) provide extensive information on
probabilities of occurrence of various time-dependent wind changes when the
month, altitude layer, and initial wind speed and direction are known. This
will give the reader some insight as to probable wind speed changes with time
that may be expected at various reference altitudes prior to a vehicle launch.

5.3.4 Wind Speed Profiles for Biasing Tilt Program

In attempting to maintain a desired flight path for a space
vehicle through a strong wind region, the vehicle control system could intro-
duce excessive bending moments and orbit anomalies. To reduce this problem,
it is sometimes desirable to wind bias the pitch program, that is, to tilt the
vehicle sufficiently to produce the desired flight path and minimize maximum
dynamic pressure level loads with the expected wind profile. Since most
inflight strong winds over Cape Kennedy are winter westerlies, it is generally
adequate to use the monthly or seasonal pitch plane median wind speed profile
for bias analysis.

Head and tail wind components and right and left cross wind components
from 0- to 60-kilometer altitudes were computed for every 15 degrees of flight
azimuth for the Eastern Test Range launch area and were published by NASA
(Ref. 5.28A). Similar calculations are available upon request for other ranges.

It is not usually necessary to bias the vehicle in the yaw plane because
of the flight azimuths normally used at Cape Kennedy. For applications where
both pitch and yaw biasing are used at Cape Kennedy, monthly vector mean
winds may be more efficient for wind biasing. Such statistics have been made

available, !
5.3.5 Design Wind Speed Profile Envelopes

The wind data given are not expected to be exceeded by the given
percentage of time (time as related to the observational interval of the data
sample) based upon the windiest monthly reference period. To obtain the pro-
files, monthly frequency distributions are combined for each percentile level

11. "Monthly vector mean winds versus altitude for Cape Kennedy, Florida,
for Skylab (INT-21) wind bias trajectory analysis, " Office Memoran-
dum S&E-AERO-YT-77-71, January 29, 1971, NASA, Marshall Space
Flight Center, Alabama 35812,
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to give the envelope values for all 12 months of data. The profiles represent
horizontal wind flow referenced to the earth's surface. Vertical wind flow is
negligible except as represented in the gust or turbulence considerations. The
scalar wind speed envelopes are normally applied without regard to flight
directions to establish the initial design requirements. Directional wind
criteria for use with the synthetic wind profile techniques should be applied
with care and specific knowledge of the vehicle mission and flight path, since
severe wind constraints could result for other flight paths and missions.

5.3.5.1 Scalar Wind Speed Envelopes

Scalar wind speed profile envelopes are presented in Tables
5. 3. 4 through 5. 3. 8 and Figures 5. 3. 4 through 5. 3. 8. These are idealized
steady-state scalar wind speed profile envelopes for five active or potential
operational space vehicle launch or landing sites, i.e. , Eastern Test Range,
Florida; The Space and Missile Test Center (Vandenberg AFB), California;
Wallops Island, Virginia; White Sands Missile Range, New Mexico; and Edwards
Air Force Base, California. Table 5. 3. 9 and Figure 5. 3. 9 envelope the 95 and
99 percentile steady-state scalar wind speed profile envelopes from the same
five locations. They are applicable for design criteria when initial design or
operational capability has not been restricted to a specific launch site or may
involve several geographical locations. However, if the specific geographical
location for application has been determined as being near one of the five
referenced sites then the relevant data should be applied.

This section provides design nondirectional wind data for various
percentiles; therefore, the specific percentile wind speed envelope applicable
to design should be specified in the appropriate space vehicle specification
documentation. For engineering convenience the design wind speed profile
envelopes are given as linear segments between altitude levels; therefore,
the tabular values are connected, when graphed, by straight lines between the
points.

5.3.5.2 Directional Wind Speed Envelopes

Directional wind speed envelopes, prepared using the windiest
monthly reference period concept, may be used to estimate the winds relative
to a given percentile level that may be encountered at any flight azimuth.
Figure 5.3. 10 was constructed by plotting the component wind speed
at the appropriate percentile (extracted from empirical cumulative percentage
frequencies) and the appropriate flight azimuth. The coordinate system was
rotated to cbtain all flight azimuths and the plotting convention was chosen
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TABLE 5.3.4 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR THE EASTERN TEST RANGE

Wind Speed (m/sec) for Various Percentiles

Geometric Percentile
Altitude

(km) 50 75 90 95 99

1 10 14 18 21 27

10 45 58 70 75 92

14 45 58 70 75 92

20 10 16 21 25 30

23 10 16 21 25 30

50 85 100 112 120 135

60 85 100 112 120 135

75 55 70 83 90 105

80 55 70 83 90 105

90
PERCENTILE

ALTITUDE (km)
g

(steady-state) FOR THE EASTERN TEST RANGE

50 75 9095 99

1 i 1

1

20

40 60 80 100 120 140
WIND SPEED (m/sec)

FIGURE 5.3.4 SCALAR WIND SPEED PROFILE ENVELOPES
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TABLE 5. 3.5 SCALAR WIND SPEED PROFILE ENVELOPES (steady-state) FOR
THE SPACE AND MISSILE TEST CENTER (Vandenberg AFB, California)

Wihd Speed (m/sec) for Various Percentiles
Geometric Percentile
Altitude - - i
(km) 50 75 90 95 99
1 6 10 15 17 22
34 46 60 65 80
13 34 46 60 65 80
20 10 13 17 21 27
23 10 13 17 21 27
50 85 104 120 140 155
60 85 104 120 140 155
75 60 77 93 102 120
80 60 77 93 102 120
PERCENTILE
| S0 76 9096 99
70 |-
60 -
g
= S0k
w
)
=)
E 4t
[
-l
<
30 -
20 e
10
o - 1

20 40 60 80 100 120 140 160
WIND SPEED (m/sec)

FIGURE 5. 3.5 SCALAR WIND SPEED PROFILE ENVELOPES (steé,dy-state) FOR
THE SPACE AND MISSILE TEST CENTER (Vandenberg AFB, California)
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TABLE 5. 3.6 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WALLOPS TEST RANGE

Geometric

Wind Speed (m/sec) for Various Percentiles

Altitude Percentile
(km) 50 75 90 95 99
1 11 15 20 24 30
50 60 71 75 92
13 50 60 71 75 92
20 15 21 27 30 36
23 15 21 27 30 36
50 102 120 140 150 170
60 102 120 140 150 170
75 85 100 113 120 135
80 85 100 113 120 135
% PERCENTILE
5075 9095 99
80
70
§ 60
w
=)
> 50
=
5
< 40
30
20

L

i

N

1 |

A1 i

20

40 60

80

100 120

WIND SPEED (m/sec)

140 160

FIGURE 5. 3. 6 SCALAR WIND SPEED PROFILE ENVELOPES
(steady-state) FOR WALLOPS TEST RANGE




TABLE 5. 3.7 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WHITE SANDS MISSILE RANGE

5. 83

Wind Speed (m/sec) for Various Percentiles

Geometric ' .
Altitude Percentile
(km) 50 75 90 95 99
2.5 7 11 14 20 28
10 42 55 64 70 85
13 42 55 64 70 85
19 11 15 19 25 31
23 11 15 19 25 31
50 85 104 120 130 150
60 85 104 120 130 150
75 60 77 93 102 120
80 60 77 93 102 120
PERCENTILE
50 75 9095 99
70
T 60
X :
W
S so
[
-
< %
30
20
10
0 1 1 1 1 1 1
40 60 80 100 120 140 160

WIND SPEED (m/sec)

FIGURE 5. 3.7 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WHITE SANDS MISSILE RANGE
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TABLE 5. 3.8 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR EDWARDS AIR FORCE BASE

Wind Speed (m/sec) for Various Percentiles

Geometric .
Altitude Percentile

(km) 50 75 90 95 99
1 6 10 14 16 20
9 32 45 57 64 77
13 32 45 57 64 77
20 - 8 15 22 26 33
23 8 15 22 26 33
50 85 104 120 130 150
60 85 104 120 130 150
75 60 77 93 102 120
80 60 77 93 102 120

90 PERCENTILE

§0 75 9095 99

80

70
5 60
<
S 50
=
(=
-l
g

30

20

10

0 e L 1 | { 1 1

20 40 60 80 100 120 140 160

WIND SPEED (m/sec)

FIGURE 5.3. 8 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR EDWARDS AIR FORCE BASE




ALTITUDE (km)

TABLE 5. 3.9 SCALAR WIND SPEED PROFILE ENVELOPES
(steady-state) ENCOMPASSING ALL FIVE LOCATIONS

70

FIGURE 5. 3.9 SCALAR WIND SPEED PROFILE ENVELOPES
(steady-state) FOR ALL FIVE LOCATIONS

Wind Speed (m/sec)
for Various Percentiles
Geometric Percentile
Altitude
(km) 95 99

S | 21 28

10 75 92

14 75 92

20 25 40

23 25 40

50 150 190

60 150 190

75 126 150

80 126 150

PERCENTILE
95 99

1 1

1 |

1
40 60 80

100

120

140 160 180 200

WIND SPEED (m/sec)
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to indicate the direction from which the wind was blowing. Directional wind
component values for other altitudes are available upon request to the
Aerospace Environment Division, MSFC.

To illustrate the use of the envelopes, suppose an estimate of the
strongest winds (99 percentile head, tail, and cross) in the 9- to 13-kilometer
altitude region for several launch azimuths - perhaps 40, 180, 250, and
330 degrees — is required at Edwards AFB. For the 40-degree launch
azimuth, read the headwind component along 40 degrees, the tailwind along
220 degrees, the right crosswind along 130 degrees, and the left crosswind
along 310 degrees. The desired wind speeds are read from the intersection of
the percentile and the proper azimuth. The appropriate wind speeds for this
example are listed below:

Launch Azimuth
(deg) Head Wind | Tail Wind | Right Cross | Left Cross
40 48 68 30 67
180 55 58 74 26
250 76 35 64 42
330 67 36 42 75

It is emphasized that the procedure followed in the construction of
these envelopes permits no connection between the component winds. The data
insure that the speed will in no month be exceeded at that probability level for
a given azimuth relative to the launch azimuth selected. Design use requires a
careful check of vehicle response in pitch and yaw for all planned flight azimuths.

An example of directional wind profile envelopes is given in Table 5. 3. 10
for several flight azimuths for Cape Kennedy (Eastern Test Range), Florida,
and Vandenberg AFB (SAMTEC), California. These were prepared from
advance data on the upper altitude regions for which the complete results of the
analysis are available upon request. If so designated by the development
agency, such envelope profiles may be employed for initial design and per-
formance studies as synthetic profiles with the appropriate values of wind
shear/gust as noted in the following sections. Due to method used in con-
structing these directional profile envelopes, they are applied independently
as head, tail, right, and left cross wind inputs for the given flight azimuth.
The direction producing the largest vehicle response is used in the design
analysis. It is again emphasized, however, that directional wind criteria




FIGURE 5. 3. 10 DIRECTIONAL WIND COMPONENT ENVELOPES
(steady-state) FOR 99, 95, and 50 PERCENTILES
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-

70
80
(-]
210° 1% 150
180° ()

WHITE SANDS; 9-13 km ALTITUDE LAYER

FIGURE 5. 3. 10 DIRECTIONAL WIND COMPONENT ENVELOPES
(steady-state) FOR 99, 95, and 50 PERC‘ENTILES (Concluded)
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should be applied with care and specific knowledge of the vehicle design
mission(s) configurations and flight azimuths, since severe wind constraints
could result for other flight azimuths, missions, or launch sites.

5.3.6 Wind Speed Change (Shear) Envelopes

This section provides representative information on wind
speed change (shear)!? for scales of distance between 100 and 5000 meters.
Scalar wind speed change is defined as the total magnitude (speed) change
between the wind vectors at the top and bottom of a specified layer, regardless
of wind direction. Wind shear is the wind speed change divided by the altitude
interval. When applied to space vehicle synthetic wind profile criteria, it is
frequently referred to as a wind buildup or backoff rate depending upon whether
it occurs below (buildup) or above (backoff) the reference height of concern.
Shear values = 1000 metérs thickness were computed from rawinsonde and
rocketsonde observations, while the small scale shears, i.e., < 1000-meter
intervals, were determined from relationships developed by Fichtl (Ref. 5. 29)
using experimental results from FPS-16 Radar/Jimsphere balloon wind sensor
measurements of the detail wind profile structure. Thus, a buildup wind value
is the change in wind speed which a vehicle may experience while ascending
vertically through a specified layer to the known altitude. Backoff magnitudes
describe the change speed which may be experienced above the chosen level.
Both buildup and backoff wind speed change data are presented in this section
as a function of reference level wind vector magnitude and geographic location.
Wind buildup or backoff may be determined for a vehicle with other than a
vertical flight path by multiplying the wind speed change by the cosine of the
angle between the vertical axis and the vehicle trajectory.

An envelope of the 99 percentile wind speed buildup is used currently
in constructing synthetic wind profiles. For most design studies, the use of
this 99 percentile scalar buildup wind shear data is warranted. The envelopes
for backoff shears have application to certain design studies and should be
considered where appropriate. These envelopes are not meant to imply per-
fect correlation between shears for the various scales of distance; however,
certain correlations do exist, depending upon the scale of distance and the
wind speed magnitude considered. This method of describing the wind shear
for vehicle design has proven to be especially acceptable in preliminary design
studies since the dynamic response of the vehicle's structure or control

12.  Vector shears are not included in this document, but may be
obtained from the Aerospace Environment Division upon request.
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system in these various modes is essentially influenced by specific wavelengths
as represented by a given wind shear. Construction of synthetic profiles for
vehicle design application is described in subsection 5. 3. 8.

Wind speed change (shear) statistics for various locations differ
primarily because of prevailing meteorological conditions, orographic features,
and data sample size. Significant differences, especially from an engineering
standpoint, are known to exist in the shear profiles for different locations.
Therefore, consistent vehicle design shear data representing five active or
potentially operational space vehicle launch or landing sites are presented in
Tables 5. 3. 11 through 5. 3. 20; i.e. , for Eastern Test Range, Space and
Missile Test Center, Wallops Island, White Sands Missile Range, and Edwards
Air Force Base. Tables 5. 3. 21 and 5. 3. 22 envelope the 99 percentile shears
from these five locations. They are applicable for design criteria when initial
design or operational capability has not been restricted to a specific launch
site or may involve several geographical locations. However, if the specific
geographic location for application has been determined as being near one of
the five referenced sites, then the relevent data should be applied. Reference
5. 30 further substantiates that the shear data presented in this document are
representative for higher altitudes and applicable for engineering design.

5.3.7 - Gusts - Vertically Flying Vehicles

The steady-state inflight wind speed envelopes presented in
subsection 5. 3. 5 do not contain the gust (high frequency content) portion of
the wind profile. The steady-state wind profile measurements have been
defined as those obtained by the rawinsonde system. These measurements
represent wind speeds averaged over approximately 600 meters in the vertical
and, therefore, eliminate features with smaller scales. These smaller scale
features are represented in the detailed profiles measured by the FPS-16
Radar/Jimsphere system.

A number of attempts have been made to represent the high frequency
content of vertical wind profiles in a suitable form for use in vehicle design
studies. Most of the attempts resulted in gust information that could be used
for specific applications, but, to date, no universal gust representation has
been formulated. Information on discrete and continuous gust representation
is given below relative to vertically asccnding space vehicles.
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5.3.7.1 Discrete Gusts

Discrete gusts are specified in an attempt to represent, in a
physically reasonable manner, characteristics of small scale motions associa-
ted with vertical wind velocity profiles. Gust structure usually is quite com-
plex and it is not always understood. For vehicle design studies, discrete
gusts are usually idealized because of their complexity and to enhance their
utilization. Examples of discrete (individual and sinusoidial type) gusts in
nature are given in subsection 5. 3.8.

Well defined, sharp edged, and repeated sinusoidal gusts are important
types in terms of their influence upon space vehicles. Quasi-square-wave
gusts with amplitudes of approximately 9 m/sec have been measured. These
gusts are frequently referred to as embedded jets or singularities in the
vertical wind profile. By definition, a gust is a wind speed in excess of the
defined steady-state value; therefore, these gusts are employed on top of the
steady-state wind profile values.

Figure 5. 3. 11 is a schematic representation of the design quasi-square-
wave gust with wavelengths varying between 60 and 300 meters with an ampli-
tude of 9 m/sec. The mean shear buildup rate at the leading and trailing edges
of gust is 9 m/sec per 30 meters. The relationship of the gust to the idealized
wind speed envelope and the wind buildup envelope is shown in Figure 5. 3. 11

Another form of discrete gusts that has been observed is approximately
sinusoidal in nature, where gusts occur in succession. Figure 5, 3. 12
illustrates the estimated number of consecutive sinusoidal type gusts that may
occur and their respective amplitudes for design purposes. It is extremely
important when applying these gusts in vehicle studies to realize that these are
pure sinusoidal representations that have never been observed in nature. The
degree of purity of these sinusoidal features on the vertical wind profiles has
not been established. These gusts should be superimposed symmetrically
upon the steady-state profile. The data presented here on sinusoidal discrete
gusts are at best preliminary and should be treated as such in design studies.

5.3.7.2 Spectra

In general, the sma.ll scale motions associated with vertical
detailed wind profiles are characterized by a superposition of discrete gusts
and many random frequency components. Spectral methods have been employed
to specify the characteristics of this superposition of small scale motions.
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FIGURE 5. 3. 11 RELATIONSHIP BETWEEN DISCRETE GUST AND/OR-
EMBEDDED JET CHARACTERISTICS (quasi-square-wave shape)
AND THE DESIGN WIND SPEED PROFILE ENVELOPE
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FIGURE 6. 3. 12 BEST ESTIMATE OF EXPECTED (2 99 percentile) GUST
AMPLITUDE AND NUMBER OF CYCLES AS A FUNCTION
OF GUST WAVELENGTHS

A digital filter was developed to separate small scale motions from the
steady-state wind profile. The steady-state wind profile defined by the
separation process approximates those obtained by the rawinsonde system.“
Thus, a spectrum of small scale motions is representative of the motions

13. This definition was selected to enable use of the much larger rawin-
sonde data sample in association with a continuous type gust
representation.
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included in the FPS-16 Radar/Jimsphere measurements, which are not included
in the rawinsonde measurements. Therefore, a spectrum of those motions
should be added to the steady-state wind profiles to obtain a representation of
the detailed wind profile. Spectra of the small scale motions for various
probability levels have been determined and are presented in Figure 5. 3. 13.
The spectra were computed from approximately 1200 detailed wind profile
measurements by computing the spectra associated with each profile, then
determining the probabilities of occurrence of spectral density as a function
of wave number (cycles/4000 m). Thus the spectra represent envelopes of
spectral density for the given probability levels. Spectra associated with each
profile were computed over the altitude range between approximately 4 and 16
kilometers. It has been shown that energy (variance) of the small scale
motions is not homogeneous; that is, it is not constant with altitude. The
energy content over limited altitude intervals and for limited frequency bands
may be much larger than that represented by the spectra in Figure 5. 3.13.
This should be kept in mind when interpreting the significance of vehicle
responses when employing the spectra of small scale motions. Additional
details on this subject are available upon request. Envelopes of spectra for
detailed profiles without filtering (solid lines) are also shown in Figure 5. 3. 13.
These spectra are well represented for wave numbers =5 cycles per 4000
meters by the equation

E(k) = Egk? (5. 24)

where E is the spectral density at any wave number k (cycles/4000 m)
between t and 20, E, =E(1), and p is a constant for any particular per-
centile level of occurrence of the power spectrum.

Properties of all the spectra are summarized in Table 5. 3.23. Data
presented in this table show that the small scale motions associated with the
meridional profiles (generally cross wind component in yaw plane) contain
more energy than those associated with either the zonal or scalar profiles for

TABLE 5. 3. 23 PARAMETERS DEFINING SPECTRA OF DETAILED WIND
PROFILES {E, - m*sec™? [cycles (4000 m)~ 1]~}

Percentile E, p
50 5.3 2, 38
90 13.5 2.46
99 25.5 2. 49




5.102

the 50

and 90 percentile spectra.

Because of computational difficulties, the
spectra do not extend to wavelengths longer than 4000 meters.

However, this

wavelength encompasses the significant characteristic structural and control
mode frequencies for most vertically rising vehicles of interest.

100.0

—==Spectro-of small scale mofio;I
associated with rawinsonde
profiles,

— Spectra of total detailed wind

profile,

10,0} L
E= Eok‘P
T - .
c°E> | Percentile Eo P
g i 50 7.2 2,39
‘:’. 95 15,5 2,42
& 1.0F 99 28,5 2.46
~ i
E I
3 '// 4
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E.“ O.Ié /’ 50th percentile
e [
w 1
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.
‘;-,. .
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0,000 . . .ol . iy
1.0 10.0 100,0

Wave Number ( cy/4000m)

FIGURE 5. 3.13 SPECTRA OF
DETAILED WIND PROFILES

Spectra of the total wind speed
profiles may be useful in control systems
and other slow response parametric
studies for which the spectra of small
scale motions may not be adequate.

The powei' ‘spectrum recom-
mended for use in elastic body studies
is given by the following expression:

1,62
E(x) = 683. 4 (4000«) ,

1+ 0.0067 (4000x)4‘ 05

(5. 25)

where the spectrum E(x) is defined

so that integration over the domain

0 = Kk = « yields the variance of the
turbulence. In this equation E(k) is
now the power spectral density

[m? sec™?/(cycles per meter)] at wave
number « (m~!). This function repre-
sents the 99 percentile scalar wind
spectra for small scalar motions given
by the dashed curve and its solid line
extension into the high wave number
region in Figure 5. 3. 13. The
associated design turbulence loads

are obtained by multiplying the load
standard deviations by a factor of
three. (Spectra for meridional and
zonal components are available upon

request. )

Vehicle responses obtained
from application of this turbulence

spectra should be added to rigid vehicle responses resulting from use of the
synthetic wind speed and wind shear profile (with the 0. 85 factor on shears)
but without a discrete gust. See section 5, 3, 8. 2 for construction.
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5.3.8 Synthetic Wind Speed Profiles

Two methods of constructing synthetic wind speed profiles are
described herein. The first method uses design wind speed profile enve-
lopes (subsection 5. 3. 5), wind shear (wind speed change) envelopes (sub-
section 5. 3. 6), and discrete gusts or spectra (subsection 5. 3. 7) without con-
sideration of any lack of correlation between the shears and gusts. The second

method takes into account the relationships between the wind shear and gust
characteristics.

5.3.8.1 Synthetic Wind Speed Profiles for Vertical Flight Path
Considering Only Speeds and Shears

In the method that follows, correlation between the design
wind speed profile envelope and wind shear envelope is considered. The
method is illustrated with the 95 percentile design nondirectional (scalar) wind
speed profile and the 99 percentile scalar wind speed buildup envelope
(Figure 5. 3. 14) and is stated as follows:

a. Start with a speed on the design wind speed profile
envelope at a selected (reference) altitude.

b. Subtract the amount of the shear (wind speed change) for
each required altitude layer from the value of the wind speed profile envelope
at the selected altitude. For example, in Figure 5. 3. 14, by using the selected
altitude of 12 kilometers on the wind speed profile envelope for Eastern Test
Range (Figure 5. 3. 4) to determine the point at 11 kilometers on the shear
buildup envelope, a value of wind speed change (buildup) of 32.7 m/sec is
obtained (from Table 5. 3. 11, Eastern Test Range) for = 80 m/sec wind
speed and 1000 meters scale of distance. By subtracting 32. 7 m/sec from
75 m/sec, the value of the wind speed profile envelope of 42. 3 m/sec is
obtained.

c. Plot values obtained for each altitude layer at the
corresponding altitudes. (The value of 42, 3 m/sec, obtained in the example
in b, would be plotted at 11 km.) Continue plotting values until a 5000-meter
layer is reached (5000 meters below the selected altitude).

d. Draw a smooth curve through the plotted points starting
at the selected altitude on the wind speed profile envelope. The lowest point
is extended from the origin with a straight line tangent to the plotted shear
buildup curve. This curve then becomes the shear buildup envelope.
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e. If a gust is desired, then superimpose the gust upon the
profile (Figure 5. 3. 15) taking into account the lack of perfect correlation
between the shears and gusts as noted in subsection 5. 3. 8. 2.

5.3.8.2 Synthetic Wind Speed Profiles For Vertical Flight Path Consid-
ering Relationships Between Speeds, Shears, and Gusts.

In the construction of a synthetic wind speed profile, the lack
of perfect correlation between the wind shear and gust can be taken into
account by multiplying the shears (wind speed changes) (subsection 5. 3. 6)
and the quasi-square-wave discrete gusts (subsection 5. 3. 7) by a factor of
0. 85 before constructing the synthetic wind profile. This is equivalent, as an
engineering approximation, 14 to taking the combined 99 percentile gust and
shear combination rather than the separate addition of the 99 percentile values
for the gusts and shears in a perfectly correlated manner.

Thus, to construct the synthetic wind speed profiles (considering
relationships between shears, speeds, and gusts, using the design wind speed
envelopes given in subsection 5. 3. 5), ‘the procedure that follows is used.
Figures 5. 3. 15 and 5. 3. 16 show an example using the 95 percentile design
wind speed profile envelope, the 99 percentile wind speed buildup envelope,
and the modified one-minus-cosine discrete gust shape.

a. Construct the shear buildup envelope in the way described in sub-
section 5. 3. 8. 1, except multiply the values of wind speed change used for each
scale-of-distance by 0. 85. (In the example for the selected altitude of 12 km,
the point at 11 km will be found by using the wind speed change of 32.7 x 0. 85,
or 27.8 m/sec.) This value subtracted from 75 m/sec then gives a value of
47. 2 m/sec for the point plotted at 11 kilometers instead of the value of
42, 3 m/sec used when shear and gust relationships were not considered.

b. The superimposed gust is added by extending the shear buildup
envelope until it becomes tangent to the one-minus-cosine shaped gust. As
shown in Figure 5. 3. 15, the extension of the shear buildup envelope is made
with the same slope as that of the last 100-meter layer segment before it
meets the design wind speed profile. To eliminate the problem of exaggerated
vehicle responses when a discontinuous function made up of straight lines is

14, This approach was used successfully in the Apollo/Saturn vehicle
development program.,



5. 106
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applied to a vehicle, the gust should be represented by a modified one-minus-
cosine shape to round the corners as shown in Figure 5. 3. 15. Details of the
one-minus-cosine shaped gust are as follows:

1. The gust consists of the linear extension of the shear buildup
envelope from the design wind speed envelope, the buildup to the peak gust
speed on a one-minus-cosine curve (first half of curve) in 30 meters of
altitude (a half-wavelength), a constant velocity plateau of from 0 to 215 meters,
and a tail-off on the second half of the one-minus-cosine curve, also in
30 meters altitude. The amplitude of the gust (total wind speed increase) from
the design wind speed envelope to the constant velocity plateau is equal to
0.85 %X 9 m/sec = 7.6 m/sec, The one-minus-cosine curve has a half-wavelength
of 30 meters (altitude).

2. Starting at the point where the shear buildup envelope meets
the design wind speed envelope as the zero point, the 99 percentile gust
(Figure 5. 3. 15) is described by the following equations:

0 < AH < a, AW, = (0.09) (0.85) AH = 0.0765 AH
a; = AH = 30 - a, AW, = 3.825 {i-cos [—31r()—(AH+a1):|}
30 -a,< AH < th - a, AW, = 7.65

th-a,<AH<th+30-a, AW, = 3.825 {1-cos[—§)—(AH+30+a1-th)]}
th + 30 - a, < AH AW, = 0 ,

where
AH = altitude difference (m)

AW _, = gust wind speed (m/sec)

ay = the shift of the one-minus-cosine buildup required to a tangential
changeover from the shear buildup envelope and the gust (m)

a; = the tangent point of the shear buildup envelope and the gust (m)
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th

the ""thickness" of the gust (m)

ay 0.9137m , a, = 0.9215m

The range of thickness (th) of the gust is 30 m = 240 m.

c. When the gust ends at the design wind speed envelope, the synthetic
wind profile may follow the design wind speed envelope or shear backoff profile.
Vehicle response should be checked for flight performance through flight
using the wind envelope as forcing function also.

d. If a power spectrum representation (see 5. 3.7. 2) is used then
disregard all references to discrete gusts in the above. Use the 0. 85 factor
on shears and apply the spectrum as given in subsection 5. 3. 7. 2.

5.3.8.3 Synthetic Wind Speed Profiles For Non Vertical Flight Path

The application of the synthetic wind profile for other than the
vertical flight path is accomplished by multiplying the steady state wind and
wind shear buildup and backoff values by the cosine of the angle between the
vertical axis (earth fixed coordinate system) and the vehicle's flight path,
The gust (or turbulence spectra) is applied directly to the vehicle without
respect to the flight path angle. The synthetic wind profile is otherwise
developed according to procedures given in section 5. 3. 8. 2.

5.3.9 Characteristic Wind Profiles to a Height of 18 Kilometers

5.3.9.1 Features of Wind Profiles

A significant problem of space vehicles is to provide assurance
of an adequate design for flight through wind profiles of various configurations.
During the major design phase of a space vehicle, the descriptions of various
characteristics of the wind profile are employed in determining the applicable
vehicle response requirement. Since much of the vehicle is in a preliminary
status of design and the desired detail data on structural dynamic modes and
other characteristics are not known at this time, the use of characteristic
(statistical and synthetic) representations of the wind profile are desirable.
However, after the vehicle design has been finalized and tests have been
conducted to establish certain dynamic capabilities and parameters, it is
desirable to evaluate the total system by simulated dynamic flight through wind
profiles containing adequate frequency resolution (Ref 5.31). The profiles
shown in Figures 5. 3. 17 through 5. 3. 22 are actual scalar values of wind
velocities measured by the FPS-16 Radar/Jimsphere wind measuring system,
and they illustrate the following: (1) jet stream winds, (2) sinusoidal variation
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FIGURE 5. 3. 17 EXAMPLE OF JET FIGURE 5. 3. 18 EXAMPLE OF SINE
STREAM WINDS WAVE FLOW IN THE 10- TO 14-km
ALTITUDE REGION

in wind with height, (3) high winds with broad ailtitude band, (4) light wind
speeds, and (5) discrete gusts.

These profiles show only a few of the possible wind profiles that can
occur. Jet stream winds (Figure 5. 3. 17) are quite common to the various
test ranges during the winter months and can reach magnitudes in excess of
100 m/sec. These winds occur over a limited altitude range, making the
wind shears very large. Figure 5. 3. 18 depicts winds having sinusoidal
behavior in the 10- to 14-kilometer region. These types of winds can create
excessive loads upon a vertically rising vehicle, particularly if the reduced
forcing frequencies couple with the vehicle control frequencies and result
in additive loads. It is not uncommon to see periodic variations occur in the
vertical winds. Some variations are of more concern than others, depending
upon wavelength and, of course, amplitude. Figure 5. 3. 19 is an interesting
example of high wind speeds that persisted over 6 kilometers in depth. Such
flow is not uncommon for the winter months. Figure 5. 3. 20 shows scalar
winds of very low values. These winds were generally agsociated with
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easterly flow over the entire altitude interval (surface to 16 km) at Kennedy
Space Center, Florida. The last examples (Figures 5. 3. 21 and 5. 3. 22)
iliustrate two samples of discrete gusts.

5.3.10 Detail Wind Profile Representative Samples

5.3.10. 1 Introduction

) FPS-16 Radar/Jimsphere detailed wind profile measurements
-"have been made at Cape Kennedy since December 1964, The reduction technique
used to reduce the radar data provides a mean wind velocity (direction and
speed) associated with an altitude layer of about 50 meters (Ref. 5.32). A
discussion on the accuracy of these data is presented in Reference 5. 33. A
magnetic tape data record containing 1800 wind profiles has been established
for engineering use in aerospace vehicle design verification and launch delay
risk calculations. These data sets are designated as MSFC/ NASA J imsphere
Wind Data Tape for Design Verification and are available upon request to the
Aerospace Environment Division, NASA-Marshall Space Flight Center,
Huntsville, Alabama 35812 (Ref. 5. 34).
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JIMSPHERE RELEASED AT 2103Z 1300Z ON JANUARY 21, 1968,
ON NOVEMBER 8, 1967, AT THE AT THE EASTERN TEST RANGE
EASTERN TEST RANGE
5.3.10. 2 Utilization of MSFC Jimsphere Wind Data for Design

Verification

These records provide a representative selection of detailed
wind velocity profiles for each of the twelve monthly periods for a given
launch site. The data encompass a frequency content which exceeds the fre-
quency of the first structural mode of most aerospace vehicles. Therefore,
no additional allowance is required for high frequency components as is
necessary for conventional rawinsonde profile data records. These data are
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intended for use in aerospace vehicle final design verification analysis to
determine vehicle systems operational capabilities from near the

earth's surface to approximately 18 kilometers altitude. Data have been inter-
polated for the lower few hundred meters and upper few kilometers to provide a
complete profile (surface to 20 km) for computer use. Statistical comparisons
of aerospace vehicle responses calculated from these wind profile records will
be more easily assessed on the month-to-month basis using an equal number

of profiles for each month provided by these records.

For vehicle operational capabilities analysis the vehicle simulations should
be conducted with adequate representation of the vehicle's aeroelastic and
dynamic characteristics to warrant utilization of detailed wind velocity profile
data as a forcing function. It is considered that these wind profiles are an
adequate selection for use in design verification analyses. Simulations may be
conducted and statistically summarized with respect to an annual, seasonal, or
monthly reference period. The monthly reference period is recommended.

Vehicle response simulations should be accomplished for the com-
plete range of intended flight azimuths with respect to the total vector wind
profile and not the scalar wind speed profiles (i. e. , magnitude of the wind
vector). Direction variations may be critical to the magnitude of the wind
shears. All wind profiles should be utilized for each monthly period since the
frequency content of wind profiles with low wind speed magnitudes may be as
critical for some vehicle structural and control configurations as those for
high wind speed.

The organization that uses these inflight wind data must establish a
probability level of launch delay that it is willing to accept in the verification
of a vehicle's design relative to the inflight wind influences. The probability
level selected is the risk of launch delay and not vehicle loss if an adequate
prelaunch monitorship program (Ref. 5.42) is employed.

The following steps outline recommended procedures for using the wind
velocity profile data to calculate vehicle operational capability and launch delay
risks:

Step 1. Calculate the vehicle response from flight simulation for each
profile without wind bias using an appropriate flight simulation model and
taking into consideration non-nominal vehicle performance with adequate
vehicle aeroelastic and dynamic characteristics. A representative selection
should be made of flight azimuths expected for the operational life of the
vehicle.
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Step 2. If the flight simulations reveal that the vehicle has a capability
to fly through all wind profiles for a given month, and the specified flight
azimuths, then the probability equal to N(the number of profiles in the month)
divided by N + 1 is assigned as the vehicle launch capability relative to inflight
winds. This probability value for the monthly sample size is 0. 9934, based
on 150 profiles per month.

Step 3. For other probability levels the maximum response to each

~ wind profile is taken (see Step 1) for the given flight azimuths, grouped for
each monthly period, and probability distribution function is determined. From .
this distribution function the probability that the response will be less than any
given value can be determined. Also, the probability that the response is
greater than, or equal to, any given value can be determined. This latter
probability (expressed in percent) is called the probability of launch delay
risk for the given response. If the vehicle launch capability is such that the
launch delay risk is less than or equal to a pre-established acceptable level

(a suggested level is = 5 percent since it provides on the average a launch
delay risk of 1. 5 days during a month) for given flight azimuths in each
monthly reference period, then the design shall be considered verified relative
to the specified launch site.

Step 4. If the launch delay risk is significantly greater (in a statistical
sense) than the preestablished acceptable level, then potential areas of design
enhancement to permit the desired launch probability may be considered.

Some methods are (a) structural/control systems modification and (b) wind
bias trajectory.

Step 5. If conditions are not satisfied by Step 4, then operational
constrajnts may be imposed such as restrictions on flight azimuth or accept-
ance of a larger launch delay risk for certain months for the specified
launch site(s).

Final launch delay probability calculations for an operational vehicle
may be computed in the same manner. However, in this case, the specific
mission's flight azimuth(s) and month of launch should be used in the calcula-
tion. Adequate vehicle aeroelastic and dynamic representation and allowance
for non-nominal vehicle characteristics should be made. The individual vehicle
peak response should be ordered as stated above and the launch probability
determined with respect to the desired flight azimuth.
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5.3. 11 Wind Profile Data Availability
5.3.11. 1 Availability of FPS-16 Radar/Jimsphere Wind Velocity
Profiles

There are currently over 3000 profiles from Cape Kennedy,
300 profiles from Point Mugu, ¥ 350 profiles from White Sands Migsile Range,
240 profiles from Green River, and 250 profiles from Wallops Island which
have been reduced and edited. Additional data are being acquired. Some of
these profile data have been published (Ref. 5. 35). All the data are available
on magnetic tapes. Master tapes have been prepared to make the data readily
accessible for use in research studies. These data will be made available to
aerospace, scientific, and engineering organizations upon request to the
Chief, Aerospace Environment Division, Aero-Astrodynamics Laboratory,
NASA-George C. Marshall Space Flight Center, Marshall Space Flight Center,
Alabama 35812,

5.3.11. 2 Availability of Rawinsonde Wind Velocity Profiles

Serially complete, edited, and corrected rawinsonde wind
profile data are available for 14 years, two observations per day, for Cape
Kennedy (Eastern Test Range), and for 9 years, four observations per day,
for Santa Monica (Space and Missile Test Center), and for 5 years, two
observations per day, for Vandenberg Air Force Base (Pacific Missile Range).
Qualified requestors in aerospace, scientific, and engineering organizations
may obtain these data, which are also on magnetic tapes, upon request to the
Chief, Aerospace Environment Division, Aero-Astrodynamics Laboratory,
NASA-George C. Marshall Space Flight Center, Marshall Space Flight Center,
Alabama 35812. They are also available as card deck 600 from the National
Climatic Center, NOAA, Asheville, North Carolina 28801,

5.3.11. 3 Availability of Rocketsonde Wind Velocity Profiles
Rocketsonde wind profile data have been collected for approxi-

mately 10 years from various launch sites around the world. These data can
be obtained from the World Data Center A, Asheville, North Carolina 28801.

15. Vandenberg AFB, California, measurements were started in spring
of 1971,
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5.3.11. 4 Availability of Smoke Trail Wind Velocity Profiles

A limited amount of wind velocity data have been obtained by
the use of smoke trail techniques to determine the small scale variations of
wind velocity with altitude. References 5. 36 and 5. 37 should be consulted
for obtaining such data.

5.3.11.5 Utility of Data

All wind profile data records should be checked carefully by
the user before employing them in any vehicle response calculations. Wherever
practical, the user should become familiar with the representativeness of the
data and frequency content of the profile used, as well as the measuring
system and reduction schemes employed in handling the data. For those
organizations that have aerospace-meteorology oriented groups or individuals
on their staffs, consultations should be held with them. Otherwise, various
government groups concerned with aerospace vehicle design and operation can
be of assistance. Such action by the user can prevent expensive misuse and
error in interpretation of the data relative to the intended application.

5.3.12 Atmospheric Turbulence Criteria for Horizontally Flying
Vehicles

In this section are presented the continuous turbulence random
model for the design of aerospace vehicles capable of flying horizontally and
vertically through the atmosphere. In general both the continuous random
model (sections 5.3.12 and 5. 3. 13) and the discrete model (section 5. 3. 14)
are used to calculate vehicle responses with the procedure producing the
larger response being used for design. The NASA Space Shuttle will have this
mixed mode capability. This vehicle, consisting of two stages (Booster and
Orbiter) , will be launched vertically. After the boost phase, the Booster will
fly back to a recovery site, while the Orbiter will continue to ascend into earth
orbit. After the orbital mission has been completed, the Orbiter will return
to earth; however, during the last part of the let-down phase the Booster and
Orbiter will execute horizontal flight. Thus, the Orbiter and Booster stages
will be,subjected to loads resulting from atmospheric turbulence during horizontal
or near horizontal flight.

To a reasonable degree of approximation, inflight atmospheric turbu-
lence experienced by horizontally flying vehicles can be assumed to be
homogeneous, stationary, Gaussian, and isotropic. Under some conditions,
these assumptions might appear to be drastic, but for engineering purposes
they seem to be appropriate, except for flight at low level over rough terrain.
It has been found that the spectrum of turbulence first suggested by von
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Karman appears to be a good analytical representation of atmospheric
turbulence. The longitudinal spectrum is given by

;s 2L 1
H
T [1+ (1 339 LQ)Y*

Qu (2, L) = ¢ R (5. 26)

where o2 is the variance of the turbulence, L is the scale of turbulence, and
2 is the wave number in units of radians per unit length. The spectrum is
defined so that

o= [ ¢ (2, L)de . (5.27)
0

The theory of isotropic turbulence predicts that the spectrum Qw of the

lateral and vertical components of turbulence are related to the longitudinal
spectrum through the differential equation

1 dq’u
Qw = > <I>u - 2 PR . (5. 28)

Substitution of equation (5.26) into equation (5. 28) yields

1+ % (1. 339 LQ)2

8 = o =
T

w (5.29)

Y%
[1+ (1.339 LQ)2] /8

The dimensionless quantities 27 & ll/02L and 27& / o?L are depicted in

Figure 5. 3. 23 as function of QL. As L2—~w, & and & asymptotically
behave like 4 v

~ o2 2L (LQ)-S/:’

3 (LQ—~) (5. 30)
v (1. 339) "
-y
2L _(L@)” '3 e
8 ~ a? - 2 (LQ— ) , (5. 31)

(1. 339)
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consistent with the concept of the Kolmogorov inertial subrange. In addition,
¢I>w /cI>u~ 4/3 as QL —, Design values of the scale of turbulence L are given

in Table 5. 3. 24. Experience indicates that the scale of turbulence increases
as height increases in the first 762 meters (2500 ft)1¢ of the atmosphere, and
typical values of L range from 183 meters (600 ft) near the surface to

610 meters (2000 ft) at approximately a 762-meter (2500-ft) altitude. Above

i6. U S. customary units are used in the section in parentheses to main-
tain continuity with source of data — Air Force Flight Dynamics
Laboratory and other documentation.
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the 762-meter (2500-ft) level, typical values of L are in the order of 914 to
1829 meters (3000 to 6000 ft). Thus, the scales of turbulence in Table 5. 3. 24
are probably low, and they would be expected to give a somewhat conservative
or high number of load or stress exceedances per unit length of flight.

The power spectrum analysis approach is applicable only to stationary
Gaussian continuous turbulence, but atmospheric turbulence is neither
statistically stationary or Gaussian over long distances. The statistical
quantities used to describe turbulence vary with altitude, wind direction,
terrain roughness, atmospheric stability, and a host of other variables.
Nevertheless, it appears that the observed power spectrum of the vertical
velocity from 304 to 12 190 meters (1000 to 40 000 ft) above terrain is
reasonably invariant. Accordingly, it is recommended that atmospheric turbu-
lence be considered locally Gaussian and stationary and that the total flight
history of a horizontally flying vehicle be considered to be composed of an
ensemble of exposures to turbulence of various intensities, all using the same
power spectrum shape. Thus, it is8 recommended that the following statistical
distribution of rms gust intensities be used:

P 2 a? P 2 a?
p(o) = =+ [= exp |- — | + %= [Z exp (- —]| ,
R Y by N7 2b}

(5.32)

where b; and b, are the standard deviations of ¢ in nonstorm and storm
turbulence. The quantities P; and P; denote the fractions of flight time or
distance flown in nonstorm and storm turbulence. It should be noted that if
P, is the fraction of flight time or distance in smooth air, then

P0+P1+P2 =1 . (5.33)

The recommended design values of Py, P,, by, and b, are given in Table

5. 3. 24. Note that over rough terrain b, can be extremely large in the first
304 meters (1000 ft) above the terrain and the b's for the vertical, the lateral,
and the longitudinal standard deviations of the turbulence are not equal. Thus,
in the first 304 meters (1000 ft) of the atmosphere above rough terrain, turbu-
lence is significantly anisotropic and this anisotropy must be taken into account
in engineering calculations.

An exceedance model of gust loads and stresses can be developed with
the above information. Let y denote any load quantity that is a dependent
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variable in a linear system of response equations (for example, bending

moment at a particular wing station). This system is forced by the longitudinal,

lateral, and vertical components of turbulence, and upon producing the Fourier
transform of the system, it is possible to obtain the spectrum of y. This
spectrum will be proportional to the input turbulence spectra, the function of
proportionality being the system transfer function. Upon integrating the spec-
trum of y over the domain 0 < @ < =, we obtain the relationship’

o = Ao . (5. 34)
y

where A is a positive constant that depends upon the system parameters and
the scale of turbulence, and where ay is the standard deviation of y.

If the output y is considered to be Gaussian for a particular value of
o, then the expected number of fluctuations of y that exceed y* with posi-
tive slope per unit distance with reference to a zero mean is

*2

N(y*) = Ny exp |- , (5. 35)
20

<o~

where Nj is the expected number of zero crossings of y unit distance with
positive slope and is given by

210

t - %
N, = [f Q% ¢ (Q) dﬂ] . (5. 36)
y
y 0

In this equation, <I>y is the spectrum of y and

00 1/2
= Q) do . X
% of q»y( ) d (5. 37)

The standard deviation of ay is related to standard deviation of turbulence

through equation (5. 34), and ¢ is distributed according to equation (5. 32).
Accordingly, the number of fluctuations of y that exceed y* for standard
deviations of turbulence in the interval ¢ to ¢ +do is N(y*) p(o)do, so
that integration over the domain 0 < ¢ < = yields
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* * *
E}\%u = Pyexp (— %) + Py exp <— '-IB%A—I> , (5. 38)
0 1 -

where M(y*) is the overall expected number of fluctuations of y that exceed
y* with positive slope. To apply this equation, the engineer needs only to
calculate A and N, and specify the risk of failure he wishes to accept. The
appropriate values of Py, Py, by, and by are given in Table 5. 3. 24. Figures
5. 3. 24 and 5. 3. 25 give plots of M(y*)/N, as a function of |y* |/A for the
various altitudes for the design data given in Table 5. 3. 24. Table 5. 3. 25
provides a summary of the units of the various quantities in this model.

It should be noted that M (y*) and N, in equation (5. 38) have the
units of inverse time (i.e., sec™!) provided M(y*) and N, both have
the same units. This amounts to transforming £ in equation (5. 36) to a
frequency (rad/seec) through a Jacobian transformation.

5.8.12. 1 Application of Power Spectral Model

To apply equation (5. 38), the engineer can either calculate A
and N, and then calculate the load quantity y* for a specified value of M(y*),
or calculate A and calculate the load quantity y* for a specified value of

TABLE 5. 3.25 METRIC AND U, S. CUSTOMARY UNITS OF VARIOUS
QUANTITIES IN THE TURBULENCE MODEL FOR HORIZONTALLY
FLYING VEHICLES

Quantity Metric Units U. 8. Customary Units
Q rad/m rad/ft
LK m?/sec?/rad/m ft?/sec?/rad/ft
2 m?/sec? ft?/sec?
m ft
by, b, m/sec ft/sec
Py, Py dimensionless dimensionless
oy/A m/sec ft/sec
ly* /A m/sec ft/sec
Ny, N, M m/sec ft/sec
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M(y*)/Ny. In a recent study performed by the Lockheed-California Company
for the FAA (Ref. 5. 38), design values of M(y*) and M(y*)/N, were
calculated. These design criteria were consistent with the limit load capabili-
ties of present day commercial aircraft. The criterion in which M(y*) is
specified is suitable for a mission analysis approach to the design problem.
The criterion in which M(y*)/N, is specified is suitable for a design envelope
approach to aircraft design.

In the design envelope approach, it is assumed that the airplane operates
100 percent of the time at its critical design envelope point. A new vehicle
is designed on a limit load basis for a specified value of M/N,. According
to the authors of Reference 5. 38, M/N; = 6 x 10-? is suitable for the design
of commercial aircraft. To apply this criterion, all critical altitudes, weights,
and weight distributions are specified and associated values of A are calcu-
lated. The limit loads are calculated for each of the specified configurations
with equation (5. 38) for M/Ny = 6 x 107°,

In the mission analysis approach, a new aircraft is designed on a limit
load basis according to Reference 5. 38 for M = 2 x 1075 load exceedances per
hour. To apply this criterion, the engineer must construct an ensemble of
flight profiles which define the expected range of payloads and the variation
with time of speed, altitude, gross weight, and center of gravity position.
These profiles are divided into mission segments, or blocks, for analysis;
and average or effective values of the pertinent parameters are defined for
each segment. For each mission segment, values of A and N, are deter-
mined by dynamic analysis. A sufficient number of load and stress quanti-
ties are included in the dynamic analysis to assure that stress distributions
throughout the structure are realistically or conservatively defined. Now the
contribution to M(y*) from the ith flight segment is ti Mi (y*)/T where ti

is the amount of time spent in the ith flight regime (mission segment), T
is the total time flown by the vehicle over all mission segments, and Mi(y* )

is the exceedance rate associated with the ith segment. The total exceedance
rate for all mission segments, k say, is

k ¢t
i - * -
My*) = ) 4 Ny (Bre” VDA 4 gy o IvHI/maA)
i=1

» (5.39)

where subscript i denotes the ith mission segment. The limit gust load
quantity |y*| can be calculated with this formula upon setting M(y*) = 2 x 10~5
exceedances per hour.
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The above mentioned limit load design criteria were derived for
commercial aircraft which are normally designed for 50 000-hour lifetimes.
Therefore, to apply these criteria to horizontally flying aerospace vehicles
which will have relatively short lifetimes would be too conservative. However,
it is possible to modify these criteria so that they will reflect a shorter vehicle
lifetime. The probability F_ that a load will be exceeded in a given number
of flight hours T is P

F =1-¢€ . (5. 40)

It it is assumed that the limit load criterion M = 2 x 10~% exceedances per
hour is associated with an aircraft with a lifetime T equal to 50 000 hours,
this means that Fp =0. 63, i.e., there is a 63 percent chance that an aircraft

designed for a 50 000-hour operating lifetime will exceed its limit load
capability at least once during its operating lifetime. This high failure prob-
ability, based on limit loads, is not excessive in view of the fact that an air-
craft will receive many inspections on a routine basis during its operating
lifetime. In addition, after safety factors are applied to the design limit
loads the ultimate load exceedance rate will be on the order of 10~% exceed-
ances per hour. Substitution of this load exceedance rate into equation (5. 40)
for T = 50 000 hours yields a failure probability, on an ultimate load basis,

of Fp = 0. 0005. This means that there will only be a 0. 05 percent chance that

an aircraft will exceed its ultimate load capability during its
operating lifetime of 50 000 hours. Thus, a failure probability of Fp =0, 63

on a limit load basis is reasonable for design. Let us now assume that
Fp = 0. 63 is the limit load design failure probability so that equation (5. 40)

can be used to calculate design values of M associated with a specified
vehicle lifetime. Thus, for example, if we expect a vehicle to fly only 100
hours, then according to equation (5. 40), we have M = 10~% exceedances per
hour. Similarly, if we expect a vehicle to be exposed to the atmosphere for
1000 hours of flight, then M = 10™3 exceedances per hour.

The corresponding design envelope criterion can be obtained by dividing
the above calculated values of M by an appropriate value of Ny. In the case
of the 50 000 hours cirterion, we have M/N; = 6 x 10~? and M = 2 x 10~5
exceedances per hour so that an estimate of N, for purposes of obtaining a
design criterionis Ng=0.333 x 10 hr™!. Thus, upon solving equation (5. 40)
for M and dividing by N, = 0. 333 x 104 hr™!, the design envelope criterion
takes the form
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M 3 x 104
N—o = 5 (5. 41)

where we have used Fp = 0. 63. Thus, for a 100-hour aircraft, the design

envelope criterion is M/N, = 3 x 107 and for a 1000-hour aircraft
M/N, = 3x 1077,

It is recommended that both the limit load and ultimate load failure
probabilities, Fp = 0. 63 and 0. 0005 respectively, be used in the gust load

calculations for the horizontal flight phase in the design of aerospace vehicles
like the NASA Space Shuttle. To apply the design environment the engineer
would calculate the limit loads for a prescribed mission profile with equations
(5. 39) and (5. 40) for Fp = 0. 63 and then calculate a set of ultimate loads by

applying appropriate factors of safety to the limit loads. We shall term these
loads "safety factor ultimate loads." To guarantee that the ultimate load
failure probability is at most Fp = 0. 0005, a floor on the ultimate design loads

should be determined by calculating a second set of loads again with equations
(5. 39) and (5. 40), however, with Fp = 0.0005. If the safety factor ultimate

loads are greater than or equal to the floor loads, then the ultimate load
failure probability, Fp is less than or equal to 0. 0005. If the safety factor

ultimate loads fall below the floor loads then the floor loads should be used
in the design.

It is recommended that the power spectral approach be used in place
of the standard discrete gust methods. Reasonably discrete gusts undoubtedly
occur in the atmosphere; however, there is accumulating evidence that the
preponderance of gusts are better described in terms of continuous turbulence
models. It has long been accepted that clear air turbulence at moderate
intensity levels is generally continuous in nature. Thunderstorm gust velocity
profiles are now available in considerable quantity, and they almost invariably
display the characteristics of continuous turbulence. Also, low level turbulence
is best described with power spectral methods. A power spectral method of
load analysis is not necessarily more difficult to apply than a discrete gust
method. The present static load plunge-only discrete gust methods can, in
fact, be converted to a power spectral basis by making a few simple modifica~
tions in the definitions of the gust alleviation factor and the design discrete
gust. To be sure, this simple rigid-airplane analysis does not exploit the full
potentiality of the power spectral approach, but it does account more realistic-
ally for the actual mix of gust gradient distances in the atmosphere and the
variation of gust intensity with gradient distance.
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5.3.13 Turbulence Model for Flight Simulation

For simulation of turbulence in either an analog or digital
fashion, the turbulence realizations are to be generated by passing a white
noise process through a passive filter. The model of turbulence as given in
subsection 5. 3. 12 is not particularly suited for the simulation of turbulence
with white noise. This results because the von Karman spectra given by
equations (5.26) and (5.29) are irrational. Thus, for engineering purposes,

the Dryden spectra may be used for simulation of continuous random turbu-
lence. They are given by

Longitudinal: & () = o 2= 1 (5. 42)
u T 1+ (LO)?
1+ Q)2
Lateral and Vertical: & (Q) = o* —I;'-————3—(£"-—)— . (5. 43)
v T o1+ (L)}

Since these spectra are rational, a passive filter may be generated.
It should be noted that the Dryden spectra are somewhat similar to the von
Karman spectra. As QL — 0 the Dryden spectra asymptotically approach
the von Karman spectra. As QL — « the Dryden spectra behave like (QL) -2

while the von Karman spectra behave like (L) -5/ 3. Thus, the Dryden

spectra depart from the von Karman spectra by a factor proportional to

(QL) /8 26 oL - «, so that at sufficiently large values of QL the Dryden
spectra will fall below the von Karman spectra. However, this deficiency in
spectral energy of the Dryden spectra with respect to the von Karman spectra
is not serious from an engineering point of view. If the capability to use the

von Karman spectra is already available, the user should use it in flight
simulation rather than the Dryden spectra.

The spectra as given by equations (5.42) and (5. 43) can be transformed
from the wave number () domain to the frequency domain (w, rad/sec) by
noting that £ = w/V and a Jacobian transformation, so that

L 20 1

¢ W= ¥ 3 1+ (Lw/V)? (5. 44)
_ L & _1+3(Lw/V)?

¢ (W) = T — Trrmmar - (5. 45)
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The quantity V is the magnitude of the mean wind vector relative to the aero-

space vehicle, T _C. The quantities W and C denote the velocity vectors
of the mean flow of the atmosphere and the aerospace vehicle relative to the
earth. The longitudinal component of turbulence is defined here to be the
component of mibul_c_e_nce parallel to the mean wind vector relative to the aero-

space vehicle (u - C). The lateral and vertical components of turbulence
are perpendicular to the relative mean wind vector and act in the lateral and
vertical directions relative to the vehicle flight path.

5.3.13.1 Transfer Functions

Atmospheric turbulence can be simulated by passing white
noise through filters with the following frequency response functions:

1/2
N . _ (2K
Longitudinal: Fu(]w) * Tt (5. 46)
1/2(.-1/2 .
Lateral and Vertical: F_(jw) (3912 (s . 2+ jo) . (5.47)
where
- v
a = —, (5. 48)
K - 2% (5. 49)
T

To generate the three components of turbulence, three distinct uncorrelated
Gaussian white noise sources should be used.

To define the rate of change of gust velocities about the pitch, yaw, and

roll axes for simulation purposes, a procedure consistant with the above
formulation can be found in Section 3. 7. 5, "Application of Turbulence Models
and Analyses, " of reference 5.38A. This should be checked for applicability.

5.3.13.2 Boundary Layer Turbulence Simulation

The turbulence in the atmospheric boundary layer, defined
here to be the first 533. 4 meters (1750) of the atmosphere, is inherently
anisotropic. To simulate this turbulence realistically as possible, the dif-
ferences between the various scales and intensities of turbulence should be
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TABLE 5.3.26 VALUES OF o AND L FOR SIMULATION OF TURBULENCE
IN THE ATMOSPHERIC BOUNDARY LAYER WITH THE DRYDEN MODEL

Altitude Interval
0to 18.3 m 18. 3 to 100 m 100 to 533.4 m
.\ -0.82
o, | 223w, |223u, (Té"é) 130w,
.\ -0.18
O'V 1. 70 u*0 1.70 u, 0 (m) 1. 25 u*0
Uw 1.25u*0 1.25u*0 1.25u*0
, .\ 0.68
L | t70m 170 m 170 (100) m
L ) 0-28 , \ 0-68
L | 9%m 98 (1—8—3> m 157 (T(E) m
L\ 0.64 L\ 0-68
Ly | 53m 53 (18. 3) m 157 (W) m

taken into account. To do this, the values in Table 5.3.26 of ¢ and L
should be used in the simulation of turbulence in the atmospheric boundary
layer with the Dryden model.

In the table, z is height above natural grade in meters, and the L's and
o's have units of meters and meters per second. The subscripts u, v, and
w denote quantities associated with the longitudinal, lateral, and vertical
components of turbulence. The quantity u %0 is the surface friction velocity

and is given by

u
_ 18. 3
U, = 0.4 (18_3 , (5.50)
in

Zy

\_vhere z, is the surface roughness length in meters (subsection 5. 26. 2), and
u, 8. 3 is the 18, 3-meter level mean flow wind speed. The mean profile which

defines the mean scalar wind speed is
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I—:I _ z 0.22
Y= g3 (18.3) (5.51)

To apply this model for turbulence simulation in the atmospheric boundary
layer, the engineer must specify the 18. 3-meter level wind speed u 18, 3°

the surface roughness length Zo; and the wind direction of the mean wind

vector u (z) for each flight simulation. The mean flow wind vector lies

in the horizontal plane. The specification of z, and a 1g, 3 define u .

and thus cu, a'v, and ow. Substitution of the yalues of 0 and L into

(5. 46 - 5. 49) determines the transfer functions to be used in the simulation.

5.3.13. 3 Turbulence Simulation in the Free Atmosphere
(above 533.4 m)

To simulate turbulence in the free atmosphere (above
533.4 m) above the atmospheric boundary layer, it is recommended that
equations (5. 38) and (5. 41) and the supporting data in Table 5. 3. 24 be used
to specify the appropriate values of o. The turbulence at these altitudes can
be considered to be isotropic for engineering purposes so that the integral
scales and intensities of turbulence are independent of direction. Past studies
have shown that the integral scale of turbulence of L = 762 meters in
Table 5. 3. 24 should be replaced with a value of L = 533. 4 meters when the
Dryden spectrum is being used (Ref. 5.38A). This reduction in scale tends to
bring the Dryden spectrum in line (with the von Karman spectrum with
L =762 m) over the band of wave numbers of the turbulence which are of pri-
mary importance in the design of aerospace vehicles. Accordingly, it is
recommended that L = 533. 4 meters for altitudes above the 533. 4 meter level.

To calculate the value of ¢ appropriate for performing a simulation,
the following procedure is used to calculate the design instantaneous gust
from which the design value of ¢ shall be obtained. The procedure consists
of specifying the vehicle lifetime T; calculating the limit load design value of
M/N, with equation (5. 41); and calculating the limit load instantaneous gust
velocity, w* say, with equation (5. 38) for A = 1. The instantaneous gust
velocity w* should be associated with the 99, 98-percent value of gust velocity
for a given realization of turbulence. In addition, the turbulence shall be
assumed to be Gaussian, so that the value of ¢ for performing a simulation
shall be obtained by dividing w* by 3.5. This value of o and L = 533. 4
meters shall be used to simulate the longitudinal, lateral, and vertical
components of turbulence with equations (5.46) and (5. 49).
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5.8.14 Discrete Gust Mode] - Horizontally Flying Vehicles

Often it is useful for the engineer to use discrete gusts in load
and flight control system calculations of horizontally flying vehicles. The
discrete gust is defined as follows:

V, =0, x<0

d
Vm TX
= - - —_— =x =<
Vd > <lcosd> ,0:{2dm
m
Vd=0,x>2dm ,

where Vm is the maximum velocity of the gust which occurs at position

X = dm in the gust. To apply the model, the engineer specifies several values
of the gust half-width dm » 80 as to cover the range of frequencies of the
system to be analyzed. To calculate the gust parameter VIn one enters
Figure 5. 3. 26 with dm/L and reads out Vm/o. Figure 5. 3. 26 is based on

the Dryden spectrum of turbulence. Accordingly, the procedures outlined in
subsections 5. 3. 13. 2 and 5. 3. 13. 3 can be used for the specification of the
o's and L's to determine the gust magnitude Vm from Figure 5. 3. 26. In

the boundary layer, three values of Vm will occur at each altitude, one for

each component of turbulence. In the free atmosphere the longitudinal, lateral,
and verticle values of Vm are equal at each altitude. In general both the

continuous random model (sections 5. 3. 12 and 5. 3. 13) and the discrete

model (section 5.3, 14) are often used to calculate vehicle responses with
the procedure producing the larger response being used for design.

5.3.15

Flight Regimes For Use of Horizontal and Vertical Turbulence
Models (Specta and Discrete Gusts)

Sections 5.3.7, 5.3.12, and 5. 3. 14 contain turbulence (spectra
and discrete gusts) models for response calculations of vertically ascending and
horizontally flying aerospace vehicles.

The turbulence model for the horizontally flying vehicles was
derived from turbulence data gathered with airplanes. The turbulence model
for the vertically ascending or descending vehicles was derived from wind profile
measurements made with vertically ascending Jimsphere balloons and smoke
trails. In many instances aerospace vehicles neither fly in a pure horizontal
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FIGURE 5. 3. 26. NONDIMENSIONAL DISCRETE GUST MAGNITUDE Vm/cr
AS A FUNCTION OF NONDIMENSIONAL GUST HALF-WIDTH

flight mode nor ascend or descend in a stricly vertical flight path. At this time
there does not appear to be a consistent way of combining the turbulence models
for horizontal and vertical flight so as to be applicable to the design of aerospace
vehicles with other than near horizontal or vertical flight paths without being
unduly complicated or overly conservative. In addition, the unavailablility of a
sufficient large data sample of turbulence measurements in three dimensions
precludes the development of such a combined model.

Accordingly, in lieu of the availability of a combined turbulence
model and for the sake of engineering simplicity the turbulence model in section

5.3. 7 should be applied to ascending and descending aerospace vehicles when
the smallest angle between the flight path and the local vertical is less than or
equal to 30 degrees. Similarly, the turbulence model in Sections 5.3. 12 and

5. 3. 14 should be applied to aerospace vehicles when the smallest angle between
the flight path and the local horizontal is less than or equal to 30 degrees. In
the remaining flight path region between 30 degrees from the local vertical and
30 degrees from the local horizontal, both turbulence models should be indepen-
dently applied and the most adverse responses used in the design.
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5.4 Mission Analysis, Prelaunch Monitoring, and Flight
Evaluation

Wind information is useful in the following three general cases
of mission analysis:

a. Mission Planning, Since this activity will normally take
place well in advance of the mission, the statistical attributes of the wind are
used.

b. Prelaunch Operations. Although wind statistics are use-
ful at the beginning of this period, the emphasis is placed upon forecasting
and wind monitoring.

c. Postflight Evaluation. The effect of the observed winds on
the flight is analyzed.

5.4.1 Mission Planning

From wind climatology, the optimum time (month and time of
day) and place to conduct the operatien can be identified (Ref. 5.39). Missions
with severe wind constraints may have such a low probability of success that
the risk is unacceptable. Feasibility studies based upon wind statistics can
identify these problem areas and answer questions such as: 'Is the mission
feasible as planned?" and "If the probable risk of mission delay or failure
is unacceptably high, can it be reduced by rescheduling to a lighter wind
period 7"

The following examples are given to illustrate the use of some of the
many wind statistics available to the mission planner.

If it is necessary to remove the wind loads damper from a large launch
vehicle for a number of hours and this operation must be scheduled some days
in advance, the well known diurnal ground wind variation should be considered
for this problem. If, for example, 10. 3 m/sec (20 knots) were the critical
wind speed, there is a i-percent risk at 0600 EST, but a 13-percent risk at
1500 EST in July. Obviously the midday period in the summer should be
avoided for this operation. Since these probability values apply to i-hour
exposure periods, itis important to recognize that the wind risk depends not
only upon wind speed, but also upon exposure time. From Figure 5. 4. 1, the
risk in percentage associated with 15. 4-m/gec (30-knot) wind at 10 meters
in February at Cape Kennedy can be obtained for various exposure times. The
upper curve shows the risk increasing from 1 percent for 1-hour exposure
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FIGURE 5. 4.1 EXAMPLE OF WIND RISK FOR VARIOUS EXPOSURE TIMES

starting at 0400 EST to 9. 3 percent for 12-hour exposure starting at 0400 EST.
In this case the exposure period extends through the high risk part of the day.
The lower curve illustrates the minimum risk associated with each exposure
period. The lowest risk, of course, can be realized if the starting times are
changed to avoid the windy portion of the day. Although there is no space here
for the tabulation, wind risk probabilities by month and starting hour for
exposure periods from 1 hour to 365 days are available upon request.

When winds aloft are considered for mission planning purposes, again
the first step might be to acquire general climatological information on the
area of concern. From Figures 5. 4. 2 and 5. 4. 3 it is readily apparent that
for Cape Kennedy most strong winds occur during winter in the 10- to
15-kilometer altitude region (this applies also to nearly all midlatitude
locations). It is also true that these strong winds are usually westerly.
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FIGURE 5. 4.2 TWICE DAILY MAXIMUM WIND SPEED IN THE 10- TO 15-km
LAYER AT CAPE KENNEDY

Next, the mission analyst might ask if a particular mission is feasible.
If, for example, the flight is to take place in January and 10- to 15-kilometer
altitude winds = 50 m/sec are critical, the probability of favorable winds on
any day in January is 0.496. With such a low probability of success, this
mission may not be feasible. But, to continue the example, if it is necessary
that continuously favorable winds exist for 3 days (perhaps for a dual launch)
the probability of success will decrease to 0. 256, Obviously an alternate
mission schedule must be planned or else the scheduled space vehicle must be
provided additional capability through redesign.
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Perhaps the vehicle can remain on the pad in a state of near readiness
awaiting launch for several days. In this case it would be desirable to know
that the probability of occurrence of at least one favorable wind speed, for
example, in a 4-day period is 0. 813. If greater flexibility of operation is
desired, one might require four favorable opportunities in 4 days. This
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probability is 0. 550. Now, if consecutive favorable opportunities are required,
for example, four consecutive successes in eight periods, the probability of
success will somewhat lower (0. 431).

The mission planner might also gain some useful information from the
persistence of the winds aloft. The probability of winds < 50 m/sec on any
day in January is 0. 496. But if a wind speed < 50 m/sec does occur, then the
probability that the next observed wind 12 hours later would be < 50 m/sec is
0. 82, a rather dramatic change. Furthermore, if the wind continues below
50 m/sec for five observations, the probability that it will remain there for
one more 12-hour period is 0. 92,

As the time of the operation approaches T-4 to T-1 days, the conditional
probability statements assume a more significant role. At this point, as the
winds will usually be monitored, the appropriate conditional probability value
can be identified and used to greater advantage.

The above is intended to illustrate the type of analysis that can be
accomplished to provide objective data for program decisions. This may
best be accomplished by a close working relationship between the analyst and
those concerned with the decision.

5.4, 2 Prelaunch Wind Monitoring

Inflight winds constitute the major atmospheric forcing function
in space vehicle and missile design and operations (Ref 5.40). A frequency
content of the wind profile near the bending mode frequencies or wind shear
with the characteristics of a step input may exceed the vehicle's structural
capabilities (especially on forward stations for the small scale variations of
the wind profiles). Wind profiles with high speeds and shears exert high
structural loads at all stations on a large space vehicle, and when the influences
of bending dynamics are high, even a profile with low speeds and high shears
can create large loads (Ref. 5. 41).

Because of the possibility of launch into unknown winds, operational
missile systems must accept some inflight loss risk in exchange for a rapid-
launch capability. But research and development missiles, and space vehicles
in particular, cost so much that the overall success of a flight outweighs the
consideration of launch delays caused by excessive inflight wind loads. If the
exact wind profile could be known in advance, it would be a relatively simple
task to decide upon the launch date and time. However, there is little hope of
accurately forecasting the detailed wind profile very much into the future.
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Over the years, these situations have increasingly put emphasis on
prelaunch monitoring of inflight winds. Now, finally, prelaunch and profile
determination techniques essentially preclude the risk of launching a space
vehicle or research and development missile into an inflight wind condition
that would cause it to fail.

Recent development and operational deployment of the ¥PS-16 Radar/
Jimsphere system (Ref. 5.42) significantly minimizes vehicle failure risks
when properly integrated into a flight simulation program. The Jimsphere sen-
sor, when tracked with the FPS-16 or other radar with equal tracking capa-
bility, provides a very accurate "all weather' detailed wind profile measure-
ment. FPS-16 radars are available at all national test ranges.

In general, the system provides a wind profile measurement from the
surface to an altitude of 17 kilometers in slightly less than 1 hour, a vertical
spatial frequency resolution of 1 cycle per 100 meters, and an rms error
of about 0. 5 m/sec or less for wind velocities averaged over 50-meter inter-
vals. The resolution of these data permits calculating the structural loads
associated with the first bending mode and generally the second mode of
missiles and space vehicles during the critical, high dynamic pressure phase
of flight. This provides better than an order-of-magnitude accuracy improve-
ment over the conventional rawinsonde wind profile measuring system (Ref.

5. 43).

By employing the appropriate data transmission resources, a detailed
wind profile from the FPS-16 radar can be ready for input to the vehicle's
flight simulation program within a few minutes after tracking of the Jimsphere.
The flight simulation program provides flexibility relative to vehicle dynamics
and other parameters in order to make maximum use of the detailed wind
profiles.

If very critical wind conditions exist and the mission requirement
dictates a maximum effort to launch with provision for last minute termination
of the operation, then a contingency plan that will provide essentially real-
time wind profile and flight simulation data may be employed. This is done
while the Jimsphere balloon is still in flight.

An example of the FPS-16 Radar/Jimsphere system data appears in
Figure 5.4.4 — the November 8 and 9, 1967, sequence observed during
prelaunch activities for the first Apollo/Saturn-V test flight, AS-501. The
persistence over a period of 1 hour of some small scale features in the wind
profile structure, as well as the rather distinct changes that developed in the
profiles over a period of a few hours, is evident.
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FIGURE 5. 4.4 EXAMPLE OF THE FPS-16 RADAR/JIMSPHERE SYSTEM
DATA, NOVEMBER 8-9, 1967

The FPS-16 Radar/Jimsphere system (Fig. 5.4.5) is routinely used
in the prelaunch monitoring of NASA's Apollo/Saturn-IB and -V flights. The
wind profile data are transmitted to the Manned Spacecraft Center and Mar-
shall Space Flight Center, and the flight simulation resuits are sent to the
launch complex at Kennedy Space Center,

An FPS-16 Radar/Jimsphere operational measurement program
capability exists at all the national test ranges to obtain detailed
wind profile data for use in space vehicle and missile response studies,
airplane turbulence analysis, atmospheric turbulence investigations, and
mesometeorological studies. Sequential measurements similar to the Saturn-V
data shown here — of eight to ten Jimsphere wind profiles approximately 1
hour apart — are currently being made on at least 1 day per month for each
location. Single profile measurements are also made daily at Cape Kennedy.
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FIGURE 5. 4.6 OPERATION OF THE FPS-16 RADAR/JIMSPHERE SYSTEM

5.4.3 Post-Flight Evaluation
5.4.3.1 Introduction

Because of the variable effects of the atmosphere upon a large
space vehicle at launch and during flight, various meteorological parameters
are measured at the time of each space vehicle launch, including wind and
thermodynamic data at the earth's surface and up to an altitude of at least
50 kilometers. To make the data available, meteorological tapes are pre-
pared, presentations are made at flight evaluation meetings, memoranda of
data tabulations are prepared and distributed, and a summary is written for
the final vehicle flight evaluation report. Reference 5. 44 for Apollo/Saturn-503
is an example of one of the reports with an atmospheric section.

5.4.3.2 Meteorological Tapes

Shortly after the launch of each space vehicle, under the
cognizance of the Marshall Space Flight Center, preliminary meteorological
tape is prepared by combining the FPS-16 Radar/Jimsphere wind profile data
and the rawinsonde wind profile and thermodynamic data (temperature,
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pressure, and humidity) observed as near the vehicle launch time as feasible.
This is done under the supervision of the Marshall Space Flight Center's
Aerospace Environment Division. The preliminary meteorological tape is
normally available within 12 hours after launch time and provides data to about
35 kilometers. The final meteorological tape is prepared with the addition of
rocketsonde wind and thermodynamic data extending the data to at least 50
kilometers and is available for use about 3 days after launch. -

In the two meteorological data tapes (preliminary and final) , thermo-
dynamic data above the measured data are given by Patrick Reference Atmo-
sphere values (Ref 5.45). To prevent unnatural jumps in the data when the
two types are merged, the data are carefully examined to pick the best
altitude for the merging.

The meteorological data tapes are made available to all government
and contractor groups for their use in the space vehicle launch and flight
evaluation. This provides a consistent set of data for all evaluation studies
and ensures the best available information of the state of the atmosphere.

Twenty-one parameters of data are included in the meteorological data
tape at 25-meter increments of altitude!” in Table 5. 4. 1.

5.4,3.3 Presentations at Flight Evaluation Working Group Meetings

Unless the space vehicle performance were bad or the magni-
tude of some atmospheric parameters were near extremes at launch or during
flight, only two presentations are made at the flight evaluation meetings on
the atmospheric launch environment,

The first presentation is given at the '"quick look' meeting normally
held on the day following launch. At this meeting, preliminary values of the
surface weather conditions (temperature, pressure, dew point or relative
humidity, visibility, cloudiness, and launch pad wind speed and direction) are
given, and plots of the upper wind speeds, direction, and components are shown
up to the highest altitude of the available data. Any unusual features of the
data are discussed in detail.

At the "first general" flight evaluation meeting, the final upper wind
speeds and component graphs are shown for all the data used in the
meteorological data tape.

i7. Altitude increments of 25 meters were chosen to provide for maximum
engineering value and for use of the available atmospheric data and do
not necessarily represent the attainable frequency response of the
measurements.
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TABIE 5.4.1 FORMAT OF METEOROLOGICAL TAPE

First Record: Identification

Word  Symbol Parameter Units
i YS Altitude (geometric) (0=YS='700,000) H=25 m
2 T Temperature *K
3 P Pressure mb
4 w Wind Speed m/sec
5 WD Wind Direction deg
6 U/100 Relative Humidity (U is percent) (1074 %
7 E Water Vapor Pressure mb
8 p Density kg/m?
9 P Pressure newtons/ c:_n3
10 VS=CS Velocity of Sound m/sec
11 No Optical Index of Refraction unitless
12 Ne Electomagnetic Index of Refraction unitless
13 Wx Pitch Component of Wind Velocity m/sec
14 Wx Yaw Component of Wind Velocity m/sec
15 Ww-e Zonal Component of Wind Velocity m/sec
16 Wa-n Meridional Component of Wind Velocity m/sec
17 p Density kg/m?
18 u Coefficient of Viscosity newtons/m3
19 T Temperature °C
20 S 950 | Pitch Component Wind Shear sec™!
21 S Yaw Component Wind Shear sec™!

z250
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Surface wind speeds and directions are measured and recorded at
several locations and heights above the launch pad, starting several hours
before launch time. Detailed tabulations are made from the various measuring
locations and are distributed by memoranda for flight evaluation purposes.

5.4.3.4 Atmospheric Data Section for Final Vehicle Launch Report

The results of the flight evaluation are presented in a final
vehicle launch report. A section in this report gives the information on the
atmospheric environment at launch time. Records are maintained on the
atmospheric parameters for MSFC sponsored vehicle test flights conducted at
Kennedy Space Center, Florida. Requests for summaries of these atmospheric
data, or related questions on specific topics, should be directed to the Aero-
space Environment Division, NASA-Marshall Space Flight Center, Alabama
35812,
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SECTION VI, ABRASION
By

Glenn E. Daniels

6.1 Introduction.

Particles carried by wind will remove paint from exposed surfaces or
scratch, abrade, or erode them, and pit transparent surfaces. When the wind
velocities are low or moderate, damage can occur whenever the particle hard-
ness is equal to or greater than the exposed surface. When the speed of an
object with relation to atmospheric particles is high, erosion will occur even
when the particles have a hardness less than the exposed surface. A space vehicle
and its associated facilities should be designed to either withstand or be protected
from the conditions described for the geographic area of application.

The penetration of sand and dust into moving parts (bearings, gears, etc.)
can result in abnormal wear and failure. Large sand and dust particles may be
suspended in the atmosphere during periods of high winds and low humidities
(under 50 percent). Particles of dust less than 0.002 mm (0, 000078 in. ) in
diameter are common at any time near or over land surfaces except shortly
after precipitation. Particles larger than 0.002 mm (0.000078 in. ) will settle
out rapidly unless wind or other forces are present to keep the particles sus-
pended. Small particles in the atmosphere over the sea will consist almost
entirely of salt,

Particle hardness in this section is expressed according to Mohs' hardness
scale, which is based on the relative hardness of representative minerals as
listed in Table 6.1 (Ref, 6.2).

TABLE 6.1 MOHS' SCALE-OF-HARDNESS FOR MINERALS

Mohs' Mineral Mohs' Mineral
Relative Hardness Relative Hardness
1 Talc 6 Orthoclase
2 Gypsum 7 Quartz
3 Calcite 8 Topaz
4 Fluorite 9 Corundum
5 Apatite 10 Diamond
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6.2 Sand and Dust at Surface.

The presence of sand and dust can be expected in all geographical areas of
interest, but will occur more frequently in the areas with lower water vapor con-
centration. The extreme values expected are as follows:

6.2.1 Size of Particles.

a. Sand particles will be between 0. 080 mm (0. 0031 in.) and 1.0 mm
(0.039 in. ) in diameter. At least 90 percent of the particles will be between
0. 080 mm (0.0031 in.) and 0.30 mm (0,012 in.) in diameter.

b. Dust particles will be between 0. 0001 mm (0, 0000039 in. ) and
0.080 mm (0, 0031 in. ) in diameter. At least 90 percent of these particles will
be between 0. 0001 mm (0. 0000039 in.) and 0. 002 mm (0, 000079 in.) in diameter.

6.2.2 Hardness and Shape.

More than 50 percent of the sand and dust particles will be composed of
angular quartz or harder material, with a hardness of 7 to 8.

6.2.3 Number and Distribution of Particles.

a. Sand. For a wind speed of 10 m sec~! (19. 4 knots) at 3 m (9. 9 ft)
above surface and relative humidity of 30 percent or less, there will be 0. 02
g cm=3 (1.2 1b ft-}) of sand suspended in the atmosphere during a sand storm.
Under these conditions, 10 percent of the sand grains will be between 0. 02 m
(0.079 ft) and 1.0 m (3. 3 ft) above the ground surface, with the remaining
90 percent below 0.02 m (0. 079 ft), unless disturbed by a vehicle moving
through the storm.

When the wind speed decreases below 10 m sec-! (19. 4 knots), the
sand grains will be distributed over a smaller distance above the ground sur-
face; while a steady-state wind speed below 5 m sec-! (9. 7 knots) will not be
sufficient to set the grains of sand in motion.

As the wind speed increases above 10 m sec-! (19. 4 knots) , the sand
grains will be distributed over higher and higher distances above the ground
surface.

b. Dust. For a wind speed of 10 m sec-! (19. 4 knots) at 3 m (9.9 ft)
above surface, and relative humidity of 30 percent or less, there will be 6 x 10-%
gem™ (3.7 x 107" Ib t-3) of dust suspended in the atmosphere. Distribution
will be uniform to about 200 m (656 ft) above the ground.
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6.3 Sand and Dust at Altitude.

Only small particles (less than 0. 002 mm [0. 000079 in. ]) will be in the
atmosphere above 400 m (1312 ft) in the areas of interest. During actual flight,
the vehicle should pass through the region of maximum dust in such a short time
that little orno abrasion can be expected.

6.4 Snow and Hail at Surface.

Snow and hail can cause abrasion at Huntsville, River Transportation,
New Orleans, Wallops Test Range, and White Sands Missile Range areas.
Extreme values expected with reference to abrasion are as follows:

6.4.1 Snow Particles.

Snow particles will have a hardness of 2 to 4 (Ref, 6.3) and a diameter
of 1.0 mm (0. 039 in.) to 5.0 mm (0. 20 in.). A wind speed of 10 m sec-!
(19 knots) at a minimum air temperature of -17.8°C (0°F) should be con-
sidered for design calculations. At New Orleans a minimum air temperature 1-
of -9.4°C (15°F) should be used.

6.4.2 Hail Particles.

Hail particles will have a hardness of 2 to 4 and a diameter of 5.0 mm
(0.20 in.) or greater. A wind speed of 10 m sec~! (19 knots) at an air tem-
perature of 10.0°C (50°F) should be considered for design calculations.

6.5 Snow and Hail at Altitude.

Snow and hail particles will have higher hardness values at higher altitudes.
The approximate hardness of snow and hail particles in reference to temperature
is given in Table 6. 2 (See paragraph 4. 4.2 remarks).

TABLE 6.2 HARDNESS OF HAIL AND SNOW FOR ALL LOCATIONS

Temperature Relative Hardness
(°C) (°F) (Mohs' Scale)
0 32,0 2
-20 - 4,0 3
-40 -40,0 4
-60 -76.0 5
-80 -112,0 6
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Although the flight time of a vehicle through a cloud layer will be extremely
short, if the cloud layer contains a large concentration of moderate sized hail-
stones (25 mm [1 in. ] or larger) at temperatures below - 20,0°C (-4°F),
considerable damage may be expected (especially to antennas and other pro-
trusions) because of the kinetic energy of the hailstone at impact. Tests have
shown a definite relationship between the damage to aluminum aircraft wing
sections and the velocity of various sized hailstones. Equal dents (sufficient
to require repair) of 1 mm (0. 039 in.) in 75 S-T aluminum resulted from the
following impacts (Ref, 6. 4):

a, A 19-mm (0.75 in.) ice sphere at 190 m sec™?! (369 knots).
b. A 32-mm (1.25 in.) ice sphere at 130 m sec™! (253 knots).

c. A 48-mm (1,88 in,) ice sphere at 90 m sec~! (175 knots).

6.6 Raindrops.

With the advent of high-speed aircraft a new phenomenon has been encoun-
tered in the erosion of paint coatings, of structural plastic components, and even
of metallic parts by the impingement of raindrops on surfaces. The damage may
be severe enough to affect the performance of a space vehicle. Tests conducted
by the British Ministry of Aviation (Ref. 6.1) have resulted in a table of rates of
erosion for various materials and coatings. These materials and coatings were
tested at speeds of 220 m sec™! (428 knots) . Sufficient data are not available to
present any specific extreme values for use in design, but results of the tests
indicate that materials used should be carefully considered and weather conditions
evaluated prior to launch.
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7.1
SECTION VII. ATMOSPHERIC PRESSURE (SURFACE)

By

Glenn E. Daniels

7.1 Definition

Atmospheric pressure (also called barometric pressure) is the force
exerted as a consequence of gravitational attraction, by the mass of the
column of air of unit cross section lying directly above the area in question.
It is expressed as a force per unit area.

7.2 Pressure

The total variation of pressure from day to day is relatively small.
Rapid but slightly greater variations occur as the result of the passage of
frontal systems, while the passage of a hurricane can cause somewhat larger,
but still not significant changes for pressure environment design of space
vehicles. Surface pressure extremes for various locations and their extreme
ranges are given in Table 7. 1. These data use the results of a study of
pressure extremes (Ref. 7.1 and Section XV).

7.3 Pressure Chanjg

a. A gradual rise or fall in pressure of 3 mb (0. 04 Ib in. ~2) and then
a return to original pressure can be expected over a 24-hour period.

b. A maximum pressure change (frontal passage change) of 6 mb
(0.09 Ib in. ~?) (rise or fall) can be expected within a 1-hour period at all
localities.

7.4 Data on pressure distribution with altitude are given in Section XIV.

REFERENCES

7.1 Daniels, Glenn E.: "Values of Extreme Surface Pressure for Design
Criteria. " Institute of Environmental Sciences, 1965 Proceedings,
pp. 283-288.



7.2

*SUORIPUCD SuedfrIny Surang 'q

*8pa023 9qefieAe Jo porrad uo paseqd ‘8

14144 91€2 0872 ) [ 9°€Y 8 €T z- Ul qi
026 GE6 086 qur

LvL 90L ¥99 w 000 26 00S €6 000 S6 z-W N aseq 90104 11y 8pIemMpH
G638 686¢€ L062 13 02T 82T 2°eY z~ ‘ur qi
838 088 L06 qut

¥191 9127 988 w 008 28 000 88 00L 06 WU N a8uey a[1SST SPUES ANIYM
¥202 0 288~ ) 9°€T L%y 2 'Sy - urdqq

866 G2 ‘€107 8¥071 qur ojuawrg1oeg pue ‘OALNVS

L19 0 G92- w 008 €6 G2¢€ 107 008 ¥071 -WUN ‘uopejrodsuel], 18e0) 189
¥¥S €81~ 909- 3 [2n 4! 8°v1 0°STY z- urqi
G 266 S LI0T G "Ge0t qu

997 ov- [£1:9 O w 052 66 0SL 107 0GS €07 -W N aduey 1891, uIsEy

aSuey 1891, sdojjem pue

011€ 0 GE6~ 3 T°€7 L°¥T 2°ST z-urdqi ‘uopjejrodsuel], [sue)

006 G% €107 0S0T qux eweued ‘uojjeixodsuei],

8¥6 0 G8Z~ w 000 06 GZ¢ 1071 000 SOT WU N JmD ‘suedTIQ MIN
£6971 5144 8L~ 3 8°€T S°vi ]°ST - urdqr
086 0007 ¥907 qux

9716 907 8€3- w 000 S6 000 007 00¥ ¥01 W N uopjejrodsuel], I2ATY
LIvT £99 30€- b)) 6°CT e°vr 6°V7 PR |
096 886 G207 quu

2ey 202 26- w 000 96 008 886 00S 207 -W N ar[AsjunNy

aE:Eﬁ:E uBOl «EsE?«S 831U aEnEﬂ:S ueap wEsE_x«E sjun
suopjIpuo) odrraydsounyy aanssaxd voay

pIEpUBlS WM UOYBIS juUStRAbE

JO ([9AS] BAS UBSW WOI]) UOIjBAS|T

SHNIYLXHT TUNSSHYd ADVAUNS T°L TTAV.L




8.1

SECTION VIII. ATMOSPHERIC DENSITY (SURFACE)

By

Glenn E. Daniels

8.1 Definition.

Density is the ratio of the mass of a substance to its volume. (It also
is defined as the reciprocal of specific volume.) Density is usually expressed
in grams or kilograms per cubic centimeter or cubic meter.

8.2 Atmospheric Density

The variation of the density of the atmosphere at the surface from the
average for any one station, and between the areas of interest, is small and
should have no important effect on preflight operations. Table 8. 1 gives the
median density at the surface for the five test ranges.

TABLE 8.1 MEDIAN SURFACE* DENSITIES

Surface
Altitude Density
Source
Area m of Data kg m™3 | 1b ft-3
Eastern Test Range 5 | (Ref. 8.1) 1. 1835 | 7.388 x 10™2
Vandenberg AFB 61 | (Ref. 8.2) | 1.2267 | 7.658 x 1072

White Sands Missile| 1219 | (Ref. 8.3) | 1.049 6.549 x 10”2
Range

Wallops Test Range 2 | (Ref. 8.4) 1.2320 | 7.691 x 1072

Edwards AFB 706 (Ref. 8.5) 1.1244 | 7.020 x 1072

8.3 Data on density distribution with altitude are given in Section XIV.

* At station elevation above mean sea level.
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9.1
SECTION IX. ATMOSPHERIC ELECTRICITY

By

Glenn E. Daniels

9.1 Introduction

Atmospheric electricity must be considered in the design,
transportation, and operation of aerospace vehicles. The effect of the atmos-
phere as an insulator and conductor of high voltage electricity, at various
atmospheric pressures, must also be considered. Aerospace vehicles not
adequately protected can be damaged by (1) a direct lightning stroke to the
vehicle while on the ground or after launch, (2) current induced in the vehicle
from the transport of charge by nearby lightning, and (3) a large buildup of
the atmospheric potential gradient near the ground as a result of charged
clouds nearby. Also, high voltage systems aboard the vehicle which are not
properly designed can arc or break down at low atmospheric pressures.

The vehicle can be protected by (1) insuring that all metallic sections
are connected electrically bonded so that the current flow from a lightning
stroke is conducted over the skin without any gaps where sparking would occur
or current would be carried inside [MIL-B-5087B (ASG), October 15, 1964,
and later amendments (Ref. 9.1) give requirements for electrical bonding] ;
(2) protecting objects on the ground, such as buildings, by a system of
lightning rods and wires over the outside to carry the lightning stroke to the
ground; (3) providing a zone of protection (as shown in Reference 9. 2 for the
lightning protection plan for Saturn Launch Complex 39); (4) providing pro-
tection devices in critical circuits (Ref. 5. 3); (5) using systems which have
no single failure mode [the Saturn V launch vehicle uses triple redundant
circuitry on the auto-abort system, which requires two out of the three signals
to be correct before abort is initiated (Ref. 9.4) ; (6) appropriate shield-
ing of units sensitive to electromagnetic radiation; and (7) for horizontally
flying vehicles, avoidance of potentially hazardous thunderstorm areas by
proper flight planning and flight operations. Reference 9.4A has an excel-
lent discussion on areas in thunderstorms that are potentially dangerous
for lightning discharges.

If lightning should strike a vehicle ready for test or flight, or a large
metallic object nearby such as the test stand or gantry, sufficient system
checks should be made to insure that all electronic components and subsystems
of the vehicle are functional.
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9.2 Thunderstorm Electricity

On a day without clouds, the potential gradient in the atmosphere
near the surface of the earth is relatively low (< 300 V/m), but when clouds
build up, the potential gradient near the surface of the earth will increase. If
the clouds become large enough to have water droplets of sufficient size to
produce rain, the atmospheric potential gradient may be sufficient to result
in a lightning discharge which would require gradients of greater than
500 000 V/m.

9.2. 1 Potential Gradient

The earth-ionospheric system can be considered as a large
capacitor: the earth's surface as one plate, the ionosphere the other plate,
and the atmosphere the dielectric. The earth is negatively charged.

9.2.1.1 Fair-Weather! Potential Gradients

The fair-weather electrical field intensity (the negative of
the electrical gradient) measured near the ground is on the order of 100 to
300 V/m and is negative; i.e., the earth is negatively charged and the atmos-
phere above the earth is positively charged. The fair-weather value of 100 to
300 V/m will vary somewhat in time at a specific location and will also be
somewhat different at various locations. These variations in fair weather will
be caused by the amount of particulate matter in the atmosphere (dust, salt
particles, etc.), atmospheric humidity, and instrument location and exposure
(Ref. 9.5). The fair-weather potential gradient decreases with altitude,
reaching a value near zero at 10 kilometers. This fair-weather potential
gradient over a 100-meter high vehicle could result in a 10 000-volt, or
greater, potential difference between the air near the ground and the air
around the vehicle top. :

9.2.1.2 Potential Gradients With Clouds

When clouds develop, the potential gradient at the ground increases.
Because of the increased potential gradient on days when scattered cumulus
type clouds occur, severe shock may result from charges carried down metal
cables connected to captive balloons. Similar induced charges on home tele-
vision antenas have been great enough to explode fine wire coils in antenna
circuits in television sets. Damage to equipment connected to wires and
antennas can be reduced or prevented with lightning arresters with air gaps

1. The term "fair-weather" is used to mean without clouds. '"Fine-weather"
is also used in speaking about atmospheric electricity.




9.3
close enough to discharge the current before the voltage reaches values high
enough to damage the equipment.

9.2.1.3 Potential Gradients During Thunderstorms

If the cloud development reaches the cumulonimbus state,
lightning discharges result when the potential gradient at some location reaches
a value equal to the critical breakdown value of air. Laboratory data indicate
this value to be as much as 10° V/m at standard sea-level atmospheric pres-
sure. Electrical fields measured at the surface of the earth are much less
than 10° V/m during lightning discharges because of several effects: (1) Most
clouds have centers of both polarities which tend to neutralize values measured
at the surface. (2) Each charge in the atmosphere and its image within the
earth comprise an electrical dipole, and the intensity of the electrical field
decreases with the cube of the distance to the dipole. (3) The atmospheric
electric field measured over land at the surface is limited by discharge cur-
rents arising from grounded points, such as grass, trees, and other structures,
which ionize the air around the points, thus producing screen space charges.
For these reasons, the measured electrical field at the surface is never more
than about 15 x 10° V/m. The potential gradient values indicated by measuring
equipment at the surface will show high values when the charged cloud is
directly overhead. As the distance to the charged center of the cloud becomes
greater, the readings of the measuring equipment become lower, reaching
zero at some distance from the cloud, and then change to the opposite sign at
greater distances from the cloud (Refs. 9.1 and 9. 5).

9.2.1.4 Corona Discharge

As the atmospheric potential gradient increases, the air sur-
rounding exposed sharp points becomes ionized by corona discharge. The
induced charge from a nearby lightning stroke may aid such a discharge. The
corona discharge may be quite severe when lightning storms or large cumulus
cloud developments are within about 16 kilometers (10 mi) of the launch pad,

9.2 .2 Characteristics of Lightning Discharges

The lightning discharge to ground which appears to the eye as a
single flash is usually made up of three or four strokes. These strokes are
preceeded by a leader stroke of lesser intensity. A summary of the charac-~
teristics of various types of lightning discharges are given in Table 9. 1.
(Refs, 9, 6 and 9.7).



9.4
9.2, 2.1 Lightning Characteristics for Design

Based on the latest information (Table 9. 1), the following is a
summary of lightning characteristics that should be considered in design:

1. On the launch pad or during ground transportation:

a. An average peak current of 20 000 amperes can be
expected. The peak current flow is often reached 6 microseconds after start
of stroke, with a fall to one-half the peak value in 24 microseconds. A total
flash charge of 5 coulombs is transmitted to the earth with 90 percent of the
current flow, after the initiation of the first stroke. Additional strokes will
have about the same currents, with the peaks of the currents at 10-millisecond
intervals.

b. The maximum peak current will not be gredter than
100 000 amperes in 98 percent of the strokes. This peak current flow is
reached in 10 microseconds after start of the stroke, and the current then
falls to one-half the peak value in 20 microseconds. A total stroke charge of
20 coulombs is transmitted to the earth, with 95 percent of the current flow,
after the initiation of the first stroke, at less than 5000 amperes.

2. Inflight triggered lightning:

The space vehicle while in flight should be capable of with-
standing an electrical discharge from triggered lightning. The characteristic
of such a discharge is expected to be an average peak current of about
20 000 amperes. The peak current flow is reached in 6 microseconds after
the start of the stroke, with a fall to one-half the peak value in 24 micro-
seconds. After the current drops to 185 amperes, it will remain close to that
level for at least 175 milliseconds (17 500 usec) before falling to zero. There
will be only one stroke in the discharge called a long-continuing-current dis-
charge (Refs. 9.1, 9.4, 9.6, 9,7, and 9. 8).

9.2.2.2 Surges From a Lightning Discharge

If an electrical line, antenna, or other metallic object is struck
by a lightning discharge there will be a surge of current through the object.
If the object is grounded and is of sufficient size, then characteristic currents
equal to the current in the lightning discharge (subsection 9. 2. 2) will be con-
ducted through the object to ground. If the object is not grounded then the
current flow will be less in relation to the resistance of the object and the
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