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a burnout weight of 2434 Ib, Compared to the hydrogen-only system
of Ref. 1, the total tank volume was reduced by 20%. This decrease
in tank volume allows more space for payload. The dry weight was
decreased by 17%. The losses from boil off were reduced by 24%,
The dual fuel system, burning ammonia in the early stages of the
mission, is able to deliver the same payload as the system in Ref. 1
with reduced tank volume, dry weight, and boil off losses.

A more detailed description of the work described in this Note
can be found in Ref. 3.

Concluding Remarks

The results provide evidence that there are benefits to be gained
from the use of a dual fuel configuration for a solar thermal orbital
transfer vehicle. The target payload of 1000 Ib could be achieved
with an ammonia fraction of 14%. This fraction resulted in decreased
tank volume, tank weight, dry weight, and boil offlosses. More space
is available for payload as a result of the decreased tank volume.
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Introduction

HE Viking landers recorded meteorological data at two loca-

tions on Mars (Viking 1, 22°N 48°W; Viking 2, 48°N 226°W),
enabling the identification of general conditions on the surface, at-
mospheric tides, seasonal effects, and dust storms.'~* Analysis to
date has focused on hodographs and identifying the diurnal varia-
tions in wind speed and direction. These analyses, however, are not
convenient for engineering and geophysical applications, where a
probability of wind speed exceeding a given value often is required.
Concise two-parameter descriptions of windspeed probability dis-
tributions, based on analysis of the hourly averaged windspeeds
recorded by the Viking landers, are presented, which are much more
useful than the simple mean speed that is usually reported.

Weibull Distribution

Wind-speed distributions are typically asymmetric, with a peak at
low speeds and the probability of high speeds tailing off. A normal
(Gaussian) distribution is a poor one for describing wind speeds,
largely because of its symmetry. The Weibull distribution has found
common application for describing wind speeds in the terrestrial
field of renewable energy. The distribution is described by two pa-
rameters, ¢ and k, representing a scale speed and a dimensionless
shape parameter, respectively. Specifically, the distribution gives a
prebability density function

f) = (kjoy/ey~ expl—(u/e)'] (0

Received Nov. 15, 1995; revision received May 25, 1996; accepted for
publication May 31, 1996. Copyright © 1996 by the American Instirute of
Aeronautics and Astronautics, Inc. All rights reserved.

*Research Associate, Lunar and Planetary Laboratory, Department of
Planetary Sciences.

and a cumulative probability _
P(<v) =1 — exp[—(v/c)*] 2)

The higher the value of k, the steeper the falloff of the distribution
at high speeds: In a sense, then, low k values indicate a gustier
environment. A typical terrestrial value for k is ~2 {e.g., 2.0 at
Lagos, Nigeria’; 2.0 at Bahrain®; 2.05 over the North Sea’; and
1.8 at Hatyai, Thailand®) with scale speeds of 2.3, 6.9, 10.3, and
3.8 m/s, respectively. Lower and higher values (e.g., k = 1.2 at Ubon,
Thailand®; 3.4 at Baghdad, Irag®) also have been reported. Note that
there is temporal variability in the values obtained, and the value of
k obtained by a best fit is affected if the data sequence fitted is short
(because higher, less probable, winds are less likely to be sampled,
the fit will not need to account for higher wind speeds). Note also
that there is a selection effect in that the parameters above were for
regions chosen for wind energy potential.

A Weibull distribution does not account for calm periods (v ~ 0).
Itis common practice to reject calm periods from the data and rescale
the remaining probabilities, such that they sum to 1, before fitting
the Weibull function. This procedure has been adopted here because
low wind speeds are typically not those that drive an engineering
design. Further, the fitting of low wind speeds is sometimes diffi-
cult and leads to fits that are poorer for describing the highest wind
speeds (frequently those of interest), so that it is sometimes useful
to generate the fit only for wind speeds above some threshold value.

Viking Data

‘Wind speeds were recorded’ by hot film anemometers on the
Viking landers, about 1.6 m above the ground. The data were made
available on the Planetary Data System by James Tillman of the Uni-
versity of Washington: The data set used here is VL1/VL2-M-MET-
4-BINNED-P-T-V-V1.0 covering Lander 1 sols 1-45 and Lander 2
sols 1-1050. The data used are the hourly averaged wind speeds (the
most common type of data used in terrestrial wind energy studies)
and the Lander 2 data set is shown in Fig. 1. Note the data dropout
at ~550 sols and the peaks in maximum wind speeds at ~400 and
~1000 sols.

For this study, segments of the data were extracted and used to
generate a distribution using 1.0-m/s wide bins. Data in the 0- to
1-m/s bin (the calm fraction, which includes data dropouts as well
as calm periods) were rejected and the other values rescaled accord-
ingly, and the best-fit (least-squares) Weibull distribution was found
with k values specified to £0.02 and ¢ values to £0.05 m/s.

Results

Results are listed in Table 1. Because the data in Fig. 1 show
episodes when the wind intensities are distinctive, Weibull fits were
generated for the more quiescent (e.g., 0-100, 650-750 sols) and
windier (350-450, 950-1050 sols) episodes. These are shown in
Fig. 2. The windier episodes have lower k values and higher ¢ values,
both of which would be expected. Note that the windy episodes
are defined only by inspection of Fig. 1; they do not necessarily
correspond to dust storms.

Table 1 Best-fit Weibull parameters for Viking Lander data

Lander Sols Comments ¢, mfs & Calm fraction

1 0-45 — 335 148 0.167
2 0-45 _ 240  L50 0.07

2 0-1040 _ 385 1.22 0.137
2 0-1040  (v>S5Sm/s* 460 1.04 0.137
2 0-530 —_ 40 1.20 0.046
2 0-530 (v > 5m/s)* 4.55 1.06 0.046
2 0-100 Quiescent 2.60 1.58 0.064
2 650-750 Quiescent 2.55 1.68 0.063
2 350-450 Windy 16 1.48 0.023
2 950-1050 Windy 745 148 0.119
2 35-45 Epoch | 2.65 1.60 0.122
2 153-162 Epoch 2 490 128 0.124
2 204-215 Epoch 3 385 128 0.098
2 296-307 Epoch 4 790 160 0.095
2 166-170 Dust storm 6.85 1.44 0.27

2 267-280 Dust storm 545 1.26 0.08

“The fit was made only for wind speeds greater than 5 m/s.
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Interestingly, the simple arithmetic mean of the quiescent and
stormy distributions seems to describe the overall data set (0-1050
sols) very well, even without tuning the distribution by scaling
the two fits by values other than 0.5 to take into account pos-
sible nonequality in the relative lengths of windy and quiescent
conditions. Alternatively, the overall data set may be described by
k ~ 1.22 mfs, ¢ ~ 3.85 m/s. This distribution has a & value some-
what lower than is typical for the Earth, especially considering that
the Viking data were recorded at 1.6-m altitude, where gusts might
be expected to be attenuated more than at the 10 m used in terrestrial
studies.
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Fig. 1 Hourly average wind speeds as recorded by the anemometer on
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Fig. 2 Histograms of hourly wind speeds for Viking Lander 2 over two
periods with corresponding Weibull fits,
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The 1050-sol distribution appears to slightly underestimate the
frequency of high winds (v> 15 m/s). If the fit is applied only
to the data exceeding 5 m/s, better agreement is obtained for
5 <u <15 mfs with ¢ = 4,60 m/s, k = 1.04. This parameter pair,
however, appears to slightly overestimate wind speeds for v > 15
m/s. If the distribution is being used to predict probabilities of wind
speeds exceeding some value, then clearly it is useful to optimise
the range of speeds used for the fit (or their relative weight).

The Viking Lander 2 wind data for sols 1-45 were examined
on an hourly basis to compare with the results reported by Hess
et al.,2 which state that the wind becomes gusty shortly after sunrise
and remains so until midafternoon. At night (hours 20-24), winds
are light 1.3 < ¢ < 2.7 mfs with 1.7 < k < 2.3 (ie, somewhat
variable), whereas during the day (hours 5-20) &£ remains constant
at 2.3, with the wind speeds stronger (>3 m/s), strongest at hours 8
and 9. This apparent discrepancy is attributable to the fact that (as
stated elsewhere?) the wind direction as well as magnitude varies, so
that the vector average wind speeds are low. This is a clear limitation
of using hourly averaged data. Parameters also have been computed
for two dust storms described by Tillman et al.® and four epochs
identified by Ryan et al.*—the dust-storm ¢ values indicate elevated
wind speeds, although the data sequences are probably too short
for the & values to be relied upon. Epochs 1 and 2 have moderate
variation in wind speed, with light and strong winds, respectively.
The wind speeds are reflected in their low and high ¢ parameters,
with k ~ 1.60, typical of quiescent conditions. Epochs 2 and 3 have
a regular sequence of weather disturbances, with strong northerly
and weak southerly winds—the ¢ values of 3.85 and 4.9 m/s are
intermediate between those for epochs 1 and 4, whereas the k values
are low (1.28), indicating variable conditions.

o } Applications

It has been found that the Weibull distribution is effective for
describing wind speeds recorded on the Martian surface. Two wind-
speed regimes have been identified: quiescent (described by k ~ 1.6,
¢ ~ 2.6 m/s) and windy (k ~ 1.48, ¢ ~ 7.6 m/s). The overall wind-
speed distribution for 1050 sols can be described as the arithmetic
mean of these distributions, or alternatively by & ~ 1.22, ¢ ~ 3.85
mv/s. This distribution has a k value somewhat lower than is typical
for the Earth.

Wind-speed distributions of the type described above have a num-
ber of potential applications. First, a Weibull parameterization is
perhaps better than a mean and standard deviation for describing
wind speeds for climate studies.

Second, the design of equipment for the Martian surface requires
environmental models to define expected conditions: Poorly defined
models can lead to overdesign (witha cost and payload mass penalty)
or underdesign (with unacceptable risk of failure). This situation is .
particularly acute for the design of impact-attenuation systems for
lander vehicles for which the assumed horizontal (wind) velocity
is a strong design driver.!® An additional application here is wind
energy, which offers considerable potential on Mars'!' —the fraction
of time a turbine would be inoperative because of winds too slack
to harness, or strong enough to cause damage, can be estimated.

Third, many natural phenomena, such as dune formation or ero-
sion, depend on wind speeds exceeding some threshold value (e.g..
the saltation threshold for particles of a certain size). A useful mea-
sure of formation time of features'? requires some estimate of how
frequently such speeds occur, and a Weibull distribution offers this
possibility.

Conclusions

It is emphasized that the Weibull distributions reported here de-
scribe only the recorded (hourly) data for the sites specified. The
technique is useful for anticipating temporal variability (especially
where the largest data set has been used), but the corresponding
distributions for other locations may be radically different—cf., the
variability in terrestrial values. (Note also that there is some recent
evidence that Mars’ atmosphere may have heen dustier during the
Viking epoch than at present.)} Further, this type of description of
wind speeds takes no account of directionality or very short-term
variability in wind speed. However, after taking these caveats into
account, it is seen that the Weibull distribution offers a convenient
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means of defining an engineering mode! of the Mars surface wind
environment.
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Nomenclature

by, = heat flux
H = total enthalpy

= pressure
(w, v, w) = Cartesian velocity
(x,y,z) = Cartesian coordinates
o = density
Ty = shear stresses

= rotating rate
Qs = reference value of rotating rate
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Introduction

ANY rockets are stabilized by spinning generated by their

fins. Among the aerodynamic coefficients needed for flight
simulation is the rolling moement coefficient. The rolling moment
contains two terms; the forcing term, which is induced by the fins
for a nonspinning configuration, and a damping term, which is a
dynamic term arising because of spinning. In Ref. 1 the capability
to predict the equilibrium spin rate, and the forcing and damping
rolling moments for the M829 projectile using a parabolized Navier-
Stokes computational code, is reported.

Our primary goal is to derive the forcing and damping rolling mo-
ments and to find the rotation rate of the rocket for a given velocity.
The forcing rolling moment was calculated for a nonspinning rocket
for nonzero angles of attack. Good results as compared with wind-
tunnel tests are shown, For a rotating configuration, only zero angle
of attack is considered. The flow is periodic and the computations
are performed only on one-quarter of the space. For the nonzero
angle-of-attack case the flow is not symmetric and the calculations
are performed on the whole space with no rotation. For a rotating
configuration the flow is generally time dependent. For zero angle
of attack, when the Navier-Stokes equations are formulated in a
rotating coordinate system with constant rotation rate, the solution
is steady state. In this Note, the transonic and supersonic flowfield
about rockets with wrap around fins having a small differential cant
angle is calculated by solving the three-dimensional Navier-Stokes
equations in a rotating system.

The total rolling moment calculated for the rotating configuration
contains both the foreing and damping terms. The rolling moment
obtained for a rotating configuration is a monotonic function of
the rotation rate. The rotation rate at which the rolling moment
vanishes indicates the equilibrium rotation rate of a free rocket for
a given velocity along its trajectory. Comparison of the calculated
rotation rates and those measured in flight tests show very good
results. :

Governing Equations

The compressible Reynolds averaged Navier—Stokes equations
are formulated in a Cartesian reference frame rotating with constant
angular velocity £2 around the main rocket axis. For the flow vari-
ables, relative o the body rotation, the far-field velocity has a cir-
cumferential component, which is a function of the distance from
the configuration axis; the far-field boundary condition then depends
on the location of the far-field boundary. This could cause a loss of
accuracy. To avoid this difficulty the equations are recast in the ab-
solute flow variables defined in the inertial system for which the
velocity is uniform in the far field. A similar formulation for the
Euler equations is obtained in Ref. 2.

The rotating coordinate system {x, y, z) is shown in Fig. 1. The
rotational velocity for a configuration rotating about the main axis
x with angular velocity £ is
we = 8y [§3]

up =10 v = =Rz

Fig. 1

Typical rocket geometry in a rotating system.



