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LEGAL NOTICE

This revort was prepared by the Jet Propulsion Laboratory {JPL) of the Califorma
Institute of Technology (Caltech) as an account of work sponsored by the Electric
Power Research Institute, Inc. (EPRI). Neither EPRI, members of EPRI, Caltech, nor
any verson acting on behalf of either: (a) makes any warranty or representation,
express of mmplied, wath respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of any informataon,
apparatus, method, or process disclosed in this report may not infrange praivately
owned raghts; or (b) assumes any liabilitles with respect to the use of, or for
damages resulting from the use of, any information, apparatus, method, or process
disclosed 1n this report.



EPRI PERSPECTIVE

The objective of this project is to provide a method to realistically predict
the trajectories of tornado-generated missiles. This report contains the results
of the second phase of the project which uses the ""worst case'' tornado defined
in the initial phase, 2 theoretically consistent wind model, measured aerody-
namic coefficients, and a six-degree-of-freedom trajectory code to compute
maximum credible tornado-missile speeds. Of special importance are the
results for postulated 12-inch-diameter-pipe and automobile missiles, which
currently have the most influence on nuclear plant design, Because the aero-
dynamic, coefficients for these missiles are based on full-scale wind-tunnel test
data, the maximum speeds for these missiles presented in this report merit a
high degree of confidence. In addition, three-degree-of-ireedom coefficients

were developed for use in simplified methods.

The next phase of the project will focus on the near-ground wind field and
injection mechanisms to address the question of whether objects can become
airborne. A user-oriented guide for applying the six-degree-of-freedom model

in design will also he prepared.

The EPRI project manager, while the research in this report was being

performed, was Conway Chan.

George Sliter
EPRI Project Manager
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ABSTRACT

This report contains the results of the second phase of a research program
which has as its objective the development of a mathematical model to predict-
the trajectory of tornado-borne objects postulated to be in the vicinity of nuclear
power plants. An improved tornado wind field model satisfies the no-~slip ground
boundary condition of fluid mechanics and includes the functional dependence of
eddy viscosity with altitude. Sub-scale wind tunnel data are obtained for all of
the missiles currently specified for nuclear pl?ant design. Confirmatory full-
scale data are obtained for a 12-inch pipe and e;utomobile. The original six-
degree-of-freedom trajectory model is modified to include the improved wind
field and increased capability as to body shapes and inertial characteristics
that can be handled. The improved trajectory model is used to calculate maxi-
mum credible speeds, which for all-of the heavy missiles are considerably less
than those currently specified for design. Equivalent coefficients for use in
three-degree-of-freedom models are developed and the sensitivity of range and
speed to various trajectory parameters for the 12-inch diameter pipe is

examined.
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SUMMARY

The effects of the impact produced by postulated tornado-propelled
objects continues to be a factor in the design of nuclear power plants, For
this reason a research program was initiated to develop a mathematical
-model of the tornado wind field which had the capajpility of bounding, by means
of verifiable experimental data, the impact characteristics of tornado-propelled
objects potentially hazardous to nuclear power plants. This report describes

the second phase of the program.

In Phase I of the ptogram (Redmann, Radbill, Marte, Dergarabedian, and
Fendell 1976)1, the basic mathematical model for prédi‘éting six-degree-of-
freedom (6 DOF) trajectories in the wind field of a.tornado was developed; a
worst-case tornado was defined and its associated wind field modelled; a survey
of available aerodynamic data on potential missile configurai:.ions was conducted
and, because of the lack of available data, wind tunnel tests of a cylindrical
configuration were carried out. Significant areas requiring additional research
were identified., In this Phase II of the program those areas have heen add-

ressed with the following results:

NEAR-GROUND TORNADO WIND FIELD ANALYSIS

The Phase I tornado wind field model was improved by the introduction of
modifications tlht allow all velocity components to reach zero at the ground;
the no-slip boundary condition of fluid mechanics is satisfied. The spatially
constant eddy viscosity approximation used in Phase I has been replaced by
eddy viscosity as an explicit function of altitude through a specified analytic
form which permits assignment of two empirical parameters and a value‘ at the
ground. This functional dependence of eddy viscosity on altitude was derived
on the basis of intuitively reasonable assumptions based on observed behavior.
It is this form that is currently employed in the wind field model and the one
which was used to obtain the trajectory results presented herein. Since it is
ultimately desirable to avoid the inherently heuristic nature of this approach, a
unified wall-layer defect layer eddy viscosity formulation is developed (Appendix
A}, in which the eddy viscosity becomes an explicit function of the velocity field

and hence an implicit function of height above ground. Assigned parameters are

1C‘.ornplete: references are listed alphabetically at the end of each section.
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then functions only of observed data for turbulent flow. Further analytical work
is required before this more basic formulation can be incorporated into the wind
field model and used to obtain trajectory results. An example-of the modified

velocity profiles are shown in Fig, 1-2,

TRAJECTORY MODEL

The original trajectory model was modified to include the improved wind
field and the additional aerodynamic data. A new option was added. to the model
to permit treatment of non-cylindrical bodies with three perpendicular planes
of symumetry as well as offset center of gravity and nonzero products-of-inertia.
This allows modeling of beams and the approximate modeling of automobiles.
Revisions. Were_ngade to the code to enhance its portability so that the programs

can be run on IBM370 and other machines as well as on the Univac 1108.

MISSILE AERODYNAMICS

Because of the lack of existing data on static aerodynamic coefficients
extending over the complete range of configuration attitudes for shapes of interest
to this project, sub-scale wind tunnel tests were conducted in the C—ALCITI 10-ft
Wind Tunnel to obtain this information, Data taken in free air and at various
‘heights above a ground plane are presented in tabular form for the following

shapes:

1) A schedule-40, 12-in diameter by 15 ft long pipe (open-end
right circular cylinder, length/diameter of 14, 1).

2) A 1-in, diameter by 3-ft long reinforcement rod (closed-end
right circular cylinder, length/diameter of 36.0).

3) A 4x12x 144-in, wood plank (rectangular parallelepiped
with overall dimensions in the ratio 1:3:§6_}.H B

4} A nominal sedan-type automobile.

5} A nominal van-type truck.

1Graduate Aeronautical Laboratories, California Institute of Technology.

2Goeffi.c:ients suitable for use for the 6-in pipe and utility. pole configurations
were obtained during Phase I of this project. See EPRI 308, Tech Rept 1,
Feb. 1976.

3English units, traditional in tornado missile work, are used in most of this
report. A table for conversion to SI metric units appears in Appendix F.
Metric units will'be used in subsequent reports of this program.
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Because of the dependence of aerodynamic data for circular cylinders
normal to the flow on Reynolds number, an additional test was conducted on a
full-scale 12-in. diameter schedule-40 pipe in the Lockheed-Georgia Low Speed
Wind Tunnel at supercritical and transitional Reynolds numbers. An example
of the results of this test is shown in Figure 3-17. These data are presented
in tabular form as well as in plotted form showing the effects of Reynolds
number on some of the coefficients. Also shown in plotted form are the effects
of the presence of the ground on the aerodynamic coefficients of the short

cylinder which appear to be insignificant.

To confirm the subsczle car test data, a full-scale automobile test series
was run on a 1974 Dodge Dart in the 30-ft. by 30-ft. wind tunnel of the Low
Speed Liaboratory of the National Research Council, Ottawa, Canada. Tests
were conducted in free air and in the vicinity of the ground, but were limited
to rotation about the vertical axis, Although the full-scale and subscale con-
figurations differed somewhat in shape and support conditions, the drag coeffi-
cient from both tests was essentially the same. 'The sizeable differences which
were measured for the lift, side force and rolling moment coefficients did not

lead to significant differences in the important auto trajectory parameters.

In an attempt to experimentally determine random tumbling coefficients for
comparison with static coefficients from wind tunnel tests, a short series of
drop tests from a building roof was conducted. The aerodynamic resistance of
small, light-weight, freely falling, and tumbling models wds obtained from
motion pictures of the models during the equilibrium portion of the drops. For the
12-in. pipe model and the automobile, good agreement in terms of the flight
parameter was obtained between these measurements and a method utilizing the
static drag coefficients from the wind tunnel tests. In the case of the car, a
value of 2, 8 (referred to frontal area) was obtained for the tumbling drag

coefficient.

The flight parameter (drag coefficient times its reference area divided by

weight) for the automobile obtained by all of the testing in this program.was



less than half of the value used in the flight trajectories of Simiu and Cordes
1976. (A lower value of the flight parameter indicates a poorer flight

characteristic.)

APPLICATIONS OF TRAJECTORY MODEL

With a view toward determining more realistic initial conditions for use with
the mathematical model, an analysis of missile injection has been made in terms

of aerodynamic, ramp, and "explosive"

modes. In the case of the aerodynamic
injection mode, the commonly used approximation of a constant impulse force
acting over an arbitrary effective time heed no longer be employed since the
mathematical model is capable of evaluating the time dependent integrals involved.
Only the initial location and orientation of the missile has to be specified. No
justification could be found for assuming high ramp vélocities in the vicinity of

a nuclear plant construction site, so this injection mode is not presented here.
Explosive injection was found to have little effect on tra—jectéries so it is also

not included in detail. A consistent rationale for initial conditions and injection
modes for each missile configuration was developed and used in the trajectories

presented in this report. These sets of initial conditions represent logical

possibilities rather than worst cases.

The tornado-generated missiles with initial conditions for the trajectory
specified by the U.S. Nuclear Regulatory Commission (NRC) (NUREG 75/087)
were also examined. Special consideration was given to the automobile because
of the attention drawn to it by Simiu and Cordes 1976, as a potential critical
missile configuration. Experimentally determined aerodynamic coefficients
and realistic areas instead of conservative approximations to both quantities
used by Simiu and Cordes lead to considerably reduced horizontal velocities,
Comparison of maximum horizontal velocities for the automobile in the three
regional design tornadoes, shown in Table 4-12, indicates that the velocities
from a 6-DOF analysis are 54%, 38% and 15% of those of Simiu and Cordes,
the reduction being greater for weaker tornadoes. Velocities using an equiva-

lent 3-DOF approach were even smaller.
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Similar comparisons of JPL 6-DOF maximum velocities for the remaining
Spectrum II (NUREG 75/087) missiles with the 3-DOF results of Simiu and
Cordes in Table 4-12 show that the JPL values are considerably less with the
exception of the reinforcing bar where the results are identical for the two
larger tornadoes. In general, the reduction is greatest for the weaker torna-

does,

The sensitivity of range and speed to various trajectory parameters was
examined for the 12-in. dia. pipe because it appeared to be potentially the most
important missile (with possible exception of the automobile). The maximum
swirl velocity and the storm center translational speed produced the maximum
se;lsitivity whereas the sensitivites to storm eye radius were small for eyes
greater than 0.1 mile, The range was particularly sensitive (it varied by a
factor of 4) to injection location relative to the storm center and its direction
of travel. Examination of sensitivity to sub and supercritical Reyn.olds number
aerodynamic data indicated that the subcritical aerodynamic assumption is
conservative. All cylindrical missiles but the reinforcing bar are supercritical
over most of their trajectories. Thus, supercritical coefficients were used for

all cylindrical configurations with the exception of the reinforcement -rod.

Derivation of "tumbling coefficients' for 3-DOF trajectory computations
by computing average values of drag coefficient from 6 -DOF trajectories was
examined based on the assumption that each missile configuration has a quasi-
stable orientation relative to the wind which is approximately independent of
initial conditions. Range and speed for a Eypical pair of 6-DOF and 3-DOF
trajectories for the car missile differ by about 20%. The tumbling coefficients
derived for the 12-in. pipe missile agree well with values derived from model

drop tests.
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SECTION I

NEAR-GROUND TORNADO WIND FIELD ANALYSIS

A, INTRODUCTION

Improvements are introduced for the tornado wind field model as
described by Redmann et al., 1976. % Specifically, modifications are intro-
duced which allow all velocity components to go to zero at the ground (z=0).
These modifications also lead to a set of equations whose parameters can be
varied in a consistent way to match any new improved field data if and when
available, The eddy viscosity, v, which was fixed at a constant value, is now
treated as a function of altitude above the ground and the resulting analytical
form for v includes two parameters which can be varied. The resulting forms
for the velocity components u (radial), v (azimuthal), and w (axial) are presented
in Section I-B. The major shortcoming of this approach is in the heuristic nature
of selecting an eddy viscosity behavior which appears to be in reasonable agree-
ment with observed behavior. Finally, in Section I-C and Appendix A, a fully
unified theory is presented which will be more fully developed in Phase III, in
which this shortcoming is overcome by allowing the eddy viscosity to become
an explicit function of the velocity field and hence an implicit function of distance
above the ground., The parameters, in this approach, are a function of observed
data for turbulent flow. Further analytical work remains to be done in order fo
use the results of Section I-C to define the wind field model. Thus the results
of Section I-B represent the current wind field model as used in this study to

determine the behavior of tornado-generated missiles.
B. IMPROVED NEAR-GROUND TORNADO WIND FIELD MODEL

In Reémann et 2l., 1976, equations (2-8) and (2-9) were derived for the

azimuthal and radial velocity components as

rv = ¥ l:l—exp (— Vg—? (Z+270))}

* Complete references are listed alphabetically at the end of each section.
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and

Teos -w { 1‘[1-6@ (-\/%—‘? (z+270))}2}- Ve

These results are consistent with the constraint that

\I’Z = rZVZ - r2u2+r2V2

where V is the azimuthal or swirl velocity far removed from the ground

boundary, thatis, V = v(o). Now the normal form for the velocity v should be

rv=\11[1—exp (- %—?z)]
which correctly predicts zero velocity at ground level, However, with the
value of v = 1 ftzlsec for the eddy viscosity adopted in the Phase I work,
the decrement in v from its asymptotic; value V is mauch too large at rather
larger distances from the ground, For purpose‘s of modifying the equations to
match observed data that u = v/2 near the ground, avalue of 270;feet was added to
zinthe equations. This meantthatuandvare not zeroat z=0. Thisis notphysically
reasonable; however, it does approximate the real-world situation of large

velocities within a few feet of the ground. Since a constant eddy viscosity is

being used in essentially the laminar differential equations of motion, the effect
of introducing the 270 feet added to z is ito have an eddy viscosity which is

large at large z but becomes zero at z = 0,. The resulting expression for v (z) is

2
_ —z
viz) = Vg (z+270 )

The relatively large value for v of 1 ftZ/sec is smaller than the value of
approximately 50 ftz/s ec which is used for general atmospheric turbulence

- -4 2 s
lama = 1.7x 1.0 ~ ft7/sec); it is

felt that the well-organized, rapidly rotating, flow in a tornado system could

(though much larger than the laminar value, v
well suppress vertical momentum transport by turbulent diffusion.
In the present discussion a modification is proposed which permits the

eddy viscosity to approach and equal the laminar value for air as z — 0,

together with suitable modifications to the expressions for u and v.
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The following expression is proposed for v (z):

2
z
viz) = vy
(z + 270) (; - e"Z/"‘)
where o is a scale height with dimensions of ft.
This expression has the following behavior:
v s & —
[sa}
Y e o 2
Yo\279) » 2 70
. 2 -4 Z2,°
Thus if we want v_=1{t"/sec and v (0) = Y am (=z1.7 % 10 ~ ft /sec), then we

have o = 3.5 feet.

Figure 1-1 is a plot of the expression for v'(z)/uDO for the case of flow past
a smooth surface at z = 0, The behavior of the curve is such that v(z) = Vv lam
up to a height on the order of 3 ft, then increases approximately linearly up to a
height of the order of about 300 feet, and then asymptotically approaches the
value of v _ =1 ftz/sec as z increases above 300 feet., Of course, the actual

values result from the-particular choices for the constants (i.e., v =1 ftZ/sec).

This development employs the fluid mechanical equations of laminar
theory in which Viam is replaced by an eddy viscosity. A more general form

for v{z) can be expressed as

zZ

viz) =V z/a

(z+p)(l-e - )

where P is a second scale height (ft) where, instead of particular values for

o, B, and Vg other values can be used. Thus, instead of the nominal values of
Ve =1 ftz/sec, =270, and v (0) = Yiam = 1.7 = 10-4 ft?'/sec, leading to « =
3.5, one can pick other values. Thus for a rough surface v {0) may have a
higher value. Also different values for B will increase or lower the "knee’ of

the curve for v(z), etc. At this point, it is not possible to give reasonable
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Figure I'-1. Plot of functional dependence of eddy viscosity with height
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bounds for these parameters, but the formulas are general enough to vary
the values. TField data on well-tracked tornados will be obtained during
Phase III and should be of use in fixing more realistic values for these

parameters.

As discussed in Redmann, et al,, 1976, the layer nearest the ground up
to an elevation of the order of 1,000 ft represents the 'inertial' boundary layer
within which VZ = u2 + vz down to within a few feet from the ground where
frictional effects predominate. At the ground, all velocity components go to
zero., In the intermediate region the behavior of uz + v2 can be described as

follows;
112 + vz = van

wherem+n=2, 0 <m < 2, and n > 0 such that

Wt v? ~ V% asz— o(ie., 1000 £

and

uz-:-vz—-O as z — 0

For the present, the following behavior is postulated:

u2+v2=vV*(i;e.,m=n= 1)

As the elevation increases vV — VZ quite rapidly, the exact elevation at which
equality occurs depends on the choice of the other parameters., Also, l].z + VZ
—0 as z — 0; thus, both boundary conditions are satisfied. The choice, m = n =
1 is the simplest satisfying the relationship, m + n = 2 and, although a heuristi-
cally reasoned choice, there is some physical evidence, discussed later in the
section,-to support it, This behavior will be examined during Phase IIl in a

more rigorous fashion. The general form for v to be used in Phase II is
rv =¥ F{z)

where

F(z) = [ l-exp (- \}%}Q (z+pB) (l—e-Z/a))]
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and, since ¥ has been defined as equal toxr v", and u” + v~ = vV,

- v {F - (B }1/2

ra =

or

where

Fz) -1, 2z ~w

¥F(z) -0, z—~20

The interesting behavior to observe is that with no viscous effects (i. e.,
v = D), the radial velacity component, v, and hence the axial velocity com-
ponent, w, both go to zero and we have only v by the cyclostrophic balance.

As v increases, v decays near the ground, resulting in an increase in u and

hence w.

To determine the axial (or vertical updraft) velocity component, w, we

utilize the continuity equation

W, + (ru)r =0

Since
1/2

ru= - {F(z) -_(F(z))z' }

we have from continuity,
o 1/2
w = =5 {F@ - F@)° )

=z r

or
Z
¥ 1/2
X j {F(X) - (F(x))° } dx

w(r, z) = <
0

In order to obtain a simple closed-form solution for w, we break up the
expression (1 - e‘Z/a’) in F(z) into two relationships, one valid for z/a << 1
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and one valid for z/a > 1. We then use the appropriate relationship for the

regions 0 = z/a = 1l and 1 £ z/a, respectively. We note that
(1 - e_Z/a) -1, as z/o0 - @
and

(1 - e"Z/a) ~ z/a, as zfa—0

Thus if we introduce the following definitions

58 =
3y a¥ =0

=2
Z=:‘X’ Y

and /o = K, the result is that (since B/a >> Z for Z = 1)

FZ)~ 1- e 9FZ

, for Z =1
and

F(Z) =1 - e-S(Z+K), for Z = 1]

Hence we have {using the continuity equation)

¥y z 2 1/2
wir, 7) = = f {F(x} - (F(x)) } dx
70
7
{ 1/2
_ ¥ f ]e-pr_e-ZéKx} dx
T
0

for Z =1, and

wi(r, Z) \I;r ‘ f

z
1/2
. f {e-a(K+x) _e—26(K+x)} dx
1

dx

{ - 5K -26Kx} 1/2
e -e

for Z = 1,
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Integrating these results, we have

4 rzv\’

0 1/2
W(I‘ z) :.______{Ir___ [ e-ypz/a -e-Z\/ﬁZ/cz -l
3 > 14
5P Ty
g e [ZE—WZ/Q '1] } (1-1)
forz £ a, Osrs_rl, and
4 & rzu’f 1/2
wi(r, z) = w, {r, o) +__0_2- i[ e-y(aﬂi) _ e“zY(a+B) ]
1 5P r
+-2lsin-l (Ze-Y(oH'm -1)
-y(z+p) -2y{z+B) 1/2
[e T+ e ]
)|
"-%‘—Sin-l (26~ Y(ZHE) _yy i -2)

forzzea, 0 =21 < Ty (Note that Wy (r, @) is calculated from w{r, z) using

the form w (r, z) valid in the region z < &),

Recall that the nomi‘nal values for o and B are @ = 3.5 feet and B = 270
feet; with these values Wl(r, @) is quite small. Also, since B >> o will almost
always be the case, the results obtained with & = 0 in the expression for w(r, =z)
are sufficiently accurate. - However, the more general expression can be used

for more general results with greater accuracy.
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-z/e

Using the approximations for (l-e ) given above, the expressions for v (z) are

given by

~
D
2
<~
8
| I—
N
+lg
w
| P
g %]
N
1A
R

v
2

zZ
zvm —Z—_W’ 3 2

which produce numerical values close to those obtained from the original

expression for v(z) (which holds over the entire z domain) given by

2
(z) = vy Z
’ |:(z+,[3)(1-e-zla)'j|

Thus, in summary, the three velocity components are given by

rv=\i'[l-exp (- —g%(z*'ﬁ)(l-e"z/a))]

= ¥ F(=)

1/2
ru=-¢ | F(z) - (F(z)° }

and w is given by the forms derived above (Eqgs. I-1 and I-2).

Figure 1-2 shows a plot of u and v with 3 = 270 ft and o¢=3.5 ft. It can
be observed thatu = v = 22542 = 112, 5 ft/sec at z = 1.3 ft. Recall that in the

expression

we selected m = n = 1, This yields the result u = v = V/2, near the ground,
Observed photos of some waterspouts indicate spiral paths intercepting
concentric circles about the axis of the waterspout at about 45°: hence these
values seem about right. For values of m < 1, u would have higher values near

z = 0; hence, the intercept angle would tend to be larger. While it is difficult,
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at this time, to pinpoint the correct value for m, the choice of m = 1 looks
reasonable, Again, the examination of the physical tornado data planned for
Phase III of this program may provide a firmer basis for the evaluation of

this parameter,

In part C of this section, which follows, a more rigorous approach is
discussed which shouldleadtoa wind field model that is consistent both physi-
cally and analytically with the level of knowledge of turbulent rotating flow

above a fixed boundry.
C. UNIFIED THEORY OF EDDY VISCOSITY FORMULATICON

The results of the heuristic model just discussed utilized a modification
of the behavior of the eddy viscosity v(z) in order to cause all velocity compo-
nents to go to zero at the ground and to adjust the magnitude and height above
the ground for which the radial velocity component is a maximum, This adjust-
ment was based on observed data (Dinwiddle, 1959), The formulation discussed
in this section and the analysis in Appendix A paragraph E for a spatially vary-
ing eddy viscosity do.not rely on the use of such observations to obtain the analy-
tical results. However, the reliability of both approaches would benefit from the
availability of more observational data. Such data will be sought during Phase III
of this project. -

Plots of the resulting velocity field derived from the analysis show similar

behavior to the results in Section II {see Figures 2-1, 2-2, and 2-3), Departing

from the definition of the previous sections the total viscosity is taken as
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where v__ is the molecular viscosity and Ve is the eddy viscosity taken as
m

1/2
klz2 (ui + Vz) » in the wall 1ayer1

v

k, V§* s in the defect layer

{uZ and v, are partial derivatives with respect to z) where 6* is the displace-

ment thickness defined as

and kl and kz are physical constants described in Appendix A, The value for
V is taken at or near the maximum swirl-velocity point (i.e., r = rl) where
V=YV
max
in the equations of motion together with the continuity equation and suitable

= 225 mph. The relationships for v = v tv,are then incorporated

boundary conditions. Incompressible axisymmetric flow is assumed as in
Section I. B. DBy introduction of self-similar forms for u, v and w, the system
of equations is transformed from parabolic partial differential equations to

ordinary differential equations,

The resulting formulation, although requiring numerical analysis, is far
more tractable than the original set of equations with variable v. It is believed
that with further effort the results of Appendix A will lead to a satisfactory
description of the tornado wind field which is suitable for engineering application.
In particular, the evaluation of field data from actual tornados during Phase IIT
may produce information bearing on the near-ground velocity components which

will add significantly to the usefulness of the refined analysis,

1 The boundary layer under an intense vortex is discussed in detail in sections D
and F of Appendix A and shown schematically in Figure A-12, Briefly, the
wall layer (also termed the viscous sublayer) is that part of the flow adjacent
to the ground in which the turbulence is damped and the laminar viscosity of
the medium plays a significant role in shaping the variation of horizontal
velocity with height. The defect layer is that part of the flow between the
wall layer and free stream in which the horizontal component of velocity is
less than its local free stream value,
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E, NOMENCLATURE FOR SECTION I

K .... = B/a

k SRR square of von Karman constant or (0. 41)2; see Appendix A.
kz . e e Clauser constant or (0.016); see Appendix A,
T .o radius from center of the tornado.

u e e radial velocity component of tornado

v oo.... azimuthal velocity far from ground

Vo e azimuthal velocity component of tornado
WL ... axial velocity component of tornado

X .. dummy variable

z e height above ground

Z ... =z/a

@ e scale height

B v scale height

_[5q
¥ T\ 3v
5 o e e =ay o
5% L. .. displacement thickness, % (V-v)dz
0

v e eddy viscosity

rotational velocity of the tornado
2 ..., component of the earth's rotational velocity at the edge of

the tornado-cyclone (r = Ty = 10 mi.)



Subsc ripts

Q
1 .
e .
m .
@

outer limit of tornado-cyclone

point at which V'is a maximum

subscript to v; Ve =molecular viscosity
subscript to v; Vo =molecular viscosity

far from ground
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SECTION II

TRAJECTORY MODEL

A, INTRODUCTION

This section describes a mathematical model of the inter-related physical
processes which govern the flight of tornado-propelled missiles. Some impo¥-
tant features of the computer program which implements the model are also
described in this section. The model consists of three major parts: first, a

tornado wind field, second, missile aerodynamics, and third, missile dynamics.

The model and the associated computer program have a number of features
which make them superior to previously published models. These features
include: 1) a six degree-of-freedom (6 DOF) simulation of motion, 2) a realistic,
physically self consistent near-ground wind field, 3) experimentally derived
aerodynamic coefficients for all pitch and yaw angles, 4) theoretically derived
rate damping coefficients, 5) a moment of inertia matrix including product of
inertia terms with provision for building up the missile from up to ten separate
parts, 6) an integration program that changes its order and step size to maintain

accuracy at minimum computational cost.

This model's primaryimprovement over previous models in the literature
is in treating the missile motion as having six-degrees-of-freedom rather than
three. That is, translation in three directions and rotation about three axes
are modeled. Previous studies in this area considered either worst-case drag
with the largest area of the missile presented to the relative wind or experi-
mentally unverified "random. tumbling'’ using some empirical weighted average
of the drag on all the faces {Lee 1973, 1974 and lotti 1974), The tumbling of
even high aspect ratio missiles is thereby approximated by a probability distri-
bution that is a uniform function of angle. In fact certain orientations are more
probable than others in configurations of this type because of the variation of

aerodynamic moment with angle, Thus, the average drag is likely to be



somewhere between the worst case and uniform distribution random values.

Lift forces cause a more important departure between six-degree-of-freedom

and three-degree-of-freedom models since missiles with favorable initial orien-
tation can climb in a 6 DOF model whereas those in a 3-DOF model must always fall
unless the drag force due to the vertical relative velocity is sufficiently high to
overcome the gravitational force. Six degree-of-freedom trajectories are com-
pared with "equivalent'' three-degree-of-freedom trajectories in Section IV

below. A method is described there for obtaining average drag coefficients

which account for the missile dynamics.

The model and associated computer program (Fortran V} have been
written so that all computations are carried out in terms of dimensionless vari-
ables and dimensionless groups of reference constants. The nondimensionaliza-
tion is carried out in order that the computations have consistent units, the
variables are scaled for improved computational accuracy, the presentation of
results is condensed, and, most importantly, intermediate computations are

more easily scanned for errors in checking out the programs.

There are two separate length scales in the tornado-carried missile
problem when the orientation of the missile is explicitly followed: the first is
associated with the size-of the tornado, the eye radius Tys and the second is

associated with the size of the missile, the length of its largest dimension, L.

Liet dimensionless quantifies be denoted by a bar, for example, J_i, and
dimensional quantities by the symbol without the bar. Then the components of

the position vector of the missile become
x = x/r,, y:y/rl, z = z/r,

The components of the velocity vector are divided by the maximum tan-

gential velocity of the tornado, V . So that
max

a=u/V s v=v/V s w=w/V
m

max max azx

All forces are divided by the weight of the missile, W,



B. DESCRIPTION OF MODEL

1. Wind Field

The near-ground tornado, wind field derived in Section II serves as the
driving function for the missile trajectory simulation and thus forms a very
important link in the chain of processes drawn from different disciplines which

comprises the solution.

The improved near-ground wind field model described in Section I B is
used in the trajectory model of this report., The formulas of that section are
rewritten here in the form used in the current model which differs from the

model used in Redmann et al 1976.

The wind velocity vector, ?FW, for the stationary tornado will be presented
in this and the succeeding subsections in terms of radial, azimuthal and vertical

components with unit vectors UW_, UW,, and U_ respectively.
r 78 4

Aoy = A s e —

ulz) r u +v(z) r Uy + wiz) U, r=1l
V= Qu@un) w, + 9@ T +Wz) Y, 1<T =T
w u(z u. * v(z)¥r) u wiz) u_, r<rg

0,

T(7) = ((?g - ?2)/(?3 - 1))1/2/?, T <T (I1-1)

The dimensionless outer radius of the storm, %4 is

- _ _ 1/2

where the local vorticity is given by
2 = i
Qe sin ¢

in terms of the earth's rotation Qe and latitude ¢.
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The z-dependent factors in the velocity components are

Sp@) = 1 - exp (-¥ p(z))

(11-2)
Bp(z)) = -(exp(~Y p(m) (=)1/2
where
p(z) = (z + B)(1 - exp (-z/e))
and
(W(py (=) + 7/ (4y)a/B <o
wiz) = (11-3)
o () = R(py(e) +w(a) , a<u
where

il
»]
o |
S,
R

p.(z)

+B

W

pyy(2) =
(p(@) = A(p(=) = sin™! (exp (=¥ p(z)) - Fp@N/Y
and p(z) is either pL(;) or pH(E).

The vertical scale is controlled by

»

y/r, = (SQ/SvO)l/Z/rl and P = B/,

In the improved model, Vo @5 and B are input parameters whereas they
were fixed in the previous model. However, values of 1, 3.5 and 270 respec-
tively are provided in the computer program if no values are input. Sample
profiles of velocity components u, v, and w are shown in Fig. 2-1atr = 0.5, 1.,

and 1,5 for the above values of the parameters. For purposes of comparison
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Figs., 2-2 and 2-3 show results of dividing both @ and p by factors of 10 and 100

respectively, to indicate the sensitivity of the profiles to these parameters.

The foregoing model describes the wind fields of stationary symmetric
storms. The velocity of the storm center ?tc is added to the velocity of the
stationary storm Tr"s, after the latter is transformed to rectangular coordinates
{(inertial}). In order to be consistent with the revised heuristic model, the velo-
city of the storm center must go to zero at the ground in the same manner. That

is, ¥, is multiplied by the low level approximation to 'Q(PL(;D

A

V(P (2) = 1 - exp (B ¥ 2/a)

If the angle between the radius from the storm center to the missile location and
the positive x-axis is 6§, the components, in inertial rectangular coordinates,

of the moving storm wind field ?FW are

A = cos O - v sin & +Vtc
w1 81 52 1

v = v sin® +v_ cosd + v, (I1-4)
h) 1 5o Ca

v = v,
W3 3

2. Aerodynamics
a. . Wind Axis Coordinates

As described in Section I1I, aerodynamic data used in Section IV
were reduced from wind tunnel tests in a wind axis coordinate system, Fig. 2-4,
so computation of aerodynamic forces and moments is convenient in’'this system.
The first coordinate is taken in the direction of the wind velocity relative to

the moving missile; the second coordinate is taken perpendicular to both the
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Fig. 2-4., Wind axis coordinates
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relative wind vector and the long axis of the missile; and the third coordinate is
taken perpendicular to the other two ccordinates to form a right-handed system;
thus:

V1'el - VW -V
o =¥ [V

W, rel rel

(I11-5)

o =u X1

W2 ubl W1
T =—u  xXua

W3 W1 W

where the symbol X denotes a vector product.
b. Forces and Moments

In the usual aerodynamic notation, drag force, side force and lift
force are in the Ewl’ Ti'wz, and T’:w3 directions, respectively, and correspond to

wind axis force components le, sz, and FWS’ respectively, The dimension-

less aerodynamic force components Fiy; are given in terms of the coefficients by

A PIV IZ
Foo= TEfz’ retl o i=1, 2, 3 (11-6)

where Aref is the reference area for the wind axis aerodynamic coefficients
Cwy (Aref = 1L.d unless otherwise specified), w is the weight of the misgsile, p is
the density of the air (taken at sea level standard conditions unless otherwise
specified), and o is the constant of proportionality in Newton's second law.
The conventional roll, pitch, and yaw moments defined in Section III are about

thew , u_, and u_ axes, respectively.
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However, since a right-hand screw convention is used for the sign of
moments in the model, as opposed to the aerodynamic sign convention as shown
in Fig. 3-12, the first and third components of the wind axis aerodynamic
mornents in the model are equal to the negative rolling and yawing moments
defined in Section III, respectively, and the second component is equal to the
pitching moment. The dimensionless asrodynamic rmoment components are

given in terms of the coefficient CW
i

—_ 2
A PIv
M = refLref I rell ¢ i=4, 5, 6 (I1-7)

Wy 2wE g V3

where the symbols are the same as in the force equation and Lref is the longest

dimension of the missile.

Rate damping about the two shorter axes of a missile is included in the
model. In the case of a cylinder, the damping coefficient Cmq is calculated
from experimental data and is inserted as a function of pitch angle. In the more
general case of a body with three perpendicular planes of symmetry, rate
damping coefficients have been included only about the two shorter axes and
only an average value of the coefficients is used, The use of these averaged
damping coefficients appears to be justified in most cases, since the average
period of rotation is short compared with the missile time of flight and the
damping is small compared to the total aerodynamic moment, The relation for
the damping moment coefficient for the cylinder is known (Redmann, et al, 1976,
pp. 3-10). The relation used in the model for the damping coefficient compo-

nents for the three axes of the general body are
91

C =C_/6 I1-8
0, =N/ (11-8)

cqs = EYt/(f;D)
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where EN and EY are average (over pitch and yaw respectively) values of the
body axis normal and side force coeifficients, respecitvely; t is the missile
thickness, and D is the missile width both normal to the long axis, The form

of the dimensionless damping moment is

M = Arefp]vrell L Cq (I1-9
= - )
q ngo Ty

where Cq stands for Cmq in the cylinder case, and for C_.in the more general

di
case (1 =1, 2, 3).

Mapping into Coefficient Data Tables

The aerodynamic data for missile shapes are available only over one
quadrant of pitch angle 0 for cylinders, or over one octant of pitch angle and
roll angle ¢ for more general shapes with three planes of symmetry. The
remaining portions of the circle or sphere must be covered by mapping into
the data tables by means of symmetry arguments. Sign factors are obtained by
using the quadrant number of the angle as an index ih a short'table (the more

" general case has two factors, and the cylinder, one). An example of a contour

map of normalized drag force for all orientations is shown in Fig, 2-5.
3. Rigid Body Dynamics
a. Moment of Inertia

The inertia matrix (tensor) I relates the angular momentum 1L, to

the angular velocity @ by
=13 (I1-10)

The conventional moments of inertia I__,I ,I  and products of inertia P__,
xx' vy 2%

sz’ Pyz are easily found for axes through the center of gravity of simple bodies.

However, a missile may be composed of several point mass components at
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various locations (for example, a car is approximated by 6 components), and

the origin of the coordinate system to which the aerodynamic data are referenced
may be different from the centers of gravity of all of the parts. Thus, the
inertia matrix is a sum of terms Ii wherein each particle of mass m, is trans-

formed to a new origin displaced by s by use of the parallel axis theorem,

(I +m r2+r2 - (P +mr v ) - (P +mr r )
xXCg x vy xycg X'y xzcg x =z
- 2 2 .
I = <(P +mr r )L +m r_ +r - (P +mr_¥ ) >
i yxcg v xyycg x Z yzcg v z
’ 2 2
~-(P +mr r )}~ (P +mr r )1 +m r_ +r
\ ZXCg z X zZycg Z Yy ZZCE b Z i
(1I-11)

The model has the capability to handle up to ten components for a missile,
Note that '"mass particle' components may be used which have no moment or
product of inertial about their own centers of gravity. At the same time, the
. displacemeﬁt vector ?cg of the center of gravity of the missile from the center

of body coordinates and the total mass of the missile are calculated from

m = E m, . i=1,n
i

i
I=E Ii (I1-12)

i
T = m.r
cg Z i"cg

1

b. Body Axis Coordinates and Euler Angles

The computation of the change of angular momentum of a missile

{rigid body) is most conveniently carried out in a coordinate system fixed in the
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missile body, Fig. 2-6. Aerodynamic forces and moments are computed in
wind axis coordinates, as has been discussed in Section 1I-2 a above, and the
orientation of the missile is required in inertial coordinates. Thus, the trans-

formation from body to inertial coordinates T (and its inverse, T"l), where

x. = Tx

. . (II-13)

is needed at every time step in the computation of the missile trajectory. This
transformation is defined as being from the current body coordinates to a set of
reference inertial coordinates, and consists of a rotation from Eb to_x‘i and a
translation fromE}!' to '5:'; The reference orientation is with the body axes coin-
cident with inertial coordinate axes. In general, there is a rotation from the
inertial orier‘lta.’cion to the reference orientation for the trajectory. The xz-axis
is taken positive through the front of the missile (generally the long axis); the
y-axis is taken positive through the left side of the missile (generally the second
longest axis) and the z-axis positive upward through the top. This definition is
different from the usual aerodynamic definition given in Section III, which is a

left-handed system with the y-axis positive out the right side of the missile,

Orientation of the missile relative to the reference orientation is specified

by three Euler angles 4, 8, and ¢, which measure successive rotations in yaw,
pitch and roll respectively Fig. 2-7. The Euler angles are used to describe the
inertial orientation, the orientation in the output printed at a specified time
interval and at the termination of the trajectory. However, the Euler angles are
not used in the actual trajectory computation, after the transformation matrix

has been initialized, as will be discussed below,.

C. Computation of Transformation from Body to Inertial
Coordinates

The transformation matrix T from body to inertial coordinates
defined by

x, = Tx, (II-14)
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Inertial and body axis coordinate systems
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is obtained initially from the Euler angles as described in Appendix B
(Equations B~1 to B-3) {Goldstein 1950).

~ The columns of the transformation matrix T are unit vectors in inertial
coordinates in the directions of the three body axes. The inverse matrix ’I‘-1
of a rotation matrix T is simply equal to its transpose 'I‘t, which has the body
axis unit vectors as its rows. Since the elements of a matrix are stored in
column order in the FORTRAN computer language, working with the transfor-
mation from body to inertial coordinates is more convenient than the inverse

because the unit vector elements are stored contiguously.

Quaternions, rather than Euler angles, are used to obtain the inverse
transformation matrix in the trajectory calculation once the matrix has been
initialized. Quaternions, q, are four component hypercomplex numbers, which
have coﬁvenient properties for representing finite rotations (Aleksandrov 1963).
In particular, the first component of the quaternion represents the cosine of
half the angle of rotation and the last three components represent a {vector)
axis about which the rotation has been made. Quaternion components are
initialized from elements of the transformation matrix T from body to space
coordinates (Equations B-4) and the time derivatives are computed from current
values of the quaternion and the velocity (Equation B-5). The transformation

matrix is computed from the integrated quaternion at each time (Equation B-6).

The relations between the transformation matrix and the quaternion
components are derived on the assumption that the quaternion is normalized to
unit magnitude (as if it were a four component vector), Owing to errors in
integration, the departure from unit magnitude may become important after a
number of time steps and will cause problems in evaluation of the Euler angles
at output points, The quaternion components are renormalized after every step

to avoid this problem.
d. Equation of Motion

The linear acceleration of the missile _:Ei is computed in inertial

coordinates and the time derivative of angular momentun, L is computed in
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body coordinates. The aerodynamic force F is transformed to inertial

components f‘;
F.=T .F (11-15)

and the missile weight, the only nonaerodynamic force, is added. Since all
forces are normalized to the missile weight, the linear equation of motion

becomes

where

max (I1-16)
Accelerations are integrated directly to displacements in the model to
take advantage of the increased accuracy in integrating second-order differen-
tial equations (Krogh 1976). Double integration cannot be applied to the rota-
tional equations of motion since Euler angles are not integrals of the angular

velocities.

.

The time derivative of the angular momentum vector Lis computed in a
nonrotating coordinate system that instantaneously coincides with the moving-
body coordinate system (Milne-Thompson 1955; Goldstein 1960). The rotation
of the body axis system can be shown to add a cross-product term to the

moment expressed in the body-axis coordinate system,
L=CT(Mb+LXw) (II-17)

where

Inlaax

C, = (x,/L) (go v /VE ) (1L-18)

is a factor arising from the nondimensionalization, and



= _-1 — = L=
Mb =T Twi MW + rcg u_b3 (31-19)

where the first term is the aerodynamic moment transformed from wind axis
to body coordinates and the second term is the moment of the weight about the

center of coordinates.
4, Features of the 6 DOF Computer Program

Aspects of the model which are closely connected to its implementation in

the computer program are discussed in this section,
a. Initial and Final Conditions

Provision is made in the model for injection of a missile into the
wind field at specified linear and angular velocities as well as at 2 given height
above ground. The location of the initial point of the trajectory as well as the

initial location of the tornado center are also specified.

Trajectory calculations are terminated either when the origin of the body
axis coordinate system passes through z = 0 or when the trajectory has been
followed for a speciﬁ number of seconds, whichever occurs first. The program
can easily be modified to terminate when the trajectory crosses a fixed envelope
in space representing a building, but the capability is not implemented at

present,
b. Input and Output

Input and output data for the computer program are described in
detail in the User's Manual, which is presented as Appendix D, In general,
the input is organized by section within the model; for example, the wind field
data is in one section, and only the data that are changed need be input after

" the first series of cases. All the data used in each case are printed out,

Computer values of the state of the missile (velocity, position, Euler

angles, etc,) are printed at specified intervals of simulated time along the
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trajectory, and additional internal variables, such as relative wind velocity
and instantaneous aerodynamic coefficients can be printed if desired. These
computer values may also be saved on a FORTRAN file {on tape or disc) for
use by plotting programs to be run after the termination of the trajectory pro-
gram. The same variables which are printed at the uniform time step are also

printed (and written to the file) at the termination of the trajectory.
c. Integration -~ Control of Scolution

The study of missiles which are picked up and carried by a torriado
leads to an initial value problem. The problem is described by a set of ordi-
nary differential equations which can be solved by integrating forward in time
from prescribed initial conditions until the missile has impacted on the ground
plane or reached some other prescribed terminal condition., In this model, the
process of solution is controlled by an integration subroutine from the JPL
mathematical subroutine library called SODE {Krogh 1976). This integrator
changes the step size and integration order as the integration proceeds to
obtain a solution within the prescribed error bounds with minimal computation
time. Among the useful features of the integrator are its abilities to compute
different variables to different accuracies and stop on nontemporal terminal
conditions., The integrator can also integrate second-order differential equa-

tions directly, with a resulting increase in accuracy.

An important feature of this integrator is that its source code contains
instructions in the form of comments for specializing it for diiferent computer
systems. The integrator program has been specialized for and compiled on a
number of computer systems inchiding‘ the Univac 1108, IBM 360/370, and
MODCOMP IV, Since the integrator is the largest computer program which
has been taken from the JPL general purpose computer library rather than
written specifically for the trajectory program, it is essential that it can be

moved to other computers with little effort.



d. Software Design

The computer program that implements the trajectory model has
been written in FORTRAN V on the Univac 1108 computer and has been run
under the EXEC-8 operating system. However, most of the code is written in
a subset of FORTRAN V, which corresponds to ASA FORTRAN 1V, in order to
make the program portable. A portable program is one that can be compiled
and run on another computer system without requiring changes. An earlier
version of the program corresponding to the Phase I report model but with
altered code for portability, was compiled and run on an IBM 370 Model 158.
Actually, restriction to ASA FORTRAN 1V is more stringent than are require-
ments for conversion from the 1108 to the 370, There are a number of useful
non-ASA language features, such as NAMELIST, that are available on the

Univac 1108, IBM 360/370, and several other common machines.

Since the trajectory model has undergone a large number of changes in
the development process during Phases I and II of the project, a modular
structure for the computer program has been used to localize the effects of
the changes. An attempt has been made to make each subroutine module per-
form a simple identifiable function so that the code is easier to follow and hence

easier to modify.

A user manual for the computer program is included in Appendix D.
Input parameters are defined and input and output formats are described, Com-
plete information is given on how to set up a card deck to run one or many tra-
jectory cases through the FORTRAN program. System control-cards are not
given because they are dependent on the user's computer system whereas the
FORTRAN program is portable between systems. Listings of the FORTRAN

program are given in Appendix E.
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D, NOMENCLATURE FOR SECTION II
reference area for aerodynamic coefficients

damping coefficient

average normal force coefficient (body axis)

damping moment coefficients for noncylindrical body
(eq. II-8)

aerodynamic coefficients in wind axis coordinates (i=1
through 6)

average side force coefficient (body axis)

proportionality factor (dimensionless) between moment

on missile and angular acceleration (eq. II-17)
missile width (normal to long axis)
force components in wind axis coordinates

proportionality factor (dimensionless) between force on

missile and acceleration (eq. II-16)

constant of proportionality in Newton's second law
inertia matrix (tensor)

moments of inertia about x, y and z axes respectively
body (missile) length

angular momentum vector (eq. II-10)
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transformation from body to inertial coordinates
inverse transformation

missile thickness (in eq., II-8)

component of missile velocity in x~direction (inertial)
radial unit vector

unit vectors in wind axis directions

azimuthal unit vector



u vseees z-dependent factor in radial wind velocity

v ... maximum azimuthal wind velocity

V ee.ess. component of missile velocity in y-direction (inertial)

?rel e velocity relative to missile

?rhw caae wind velocity (vector)

& ... z-dependent factor in azimuthal wind velocity

W ...... weight of missile

W Tiieeaa component of missile velocity in z-direction (vertical,
inertial)

& veenn function in the computation of vertical wind vePocity

K ceeeee ‘cartesian inertial coordinate of missile trajectory

;{b cereen body coordinate vector

}E; csasee inertial coordinate vector

YV sevees cartesian inertial coordinate of missile trajectory

T oeaeons cartesian inertial coordinate of missile trajectory
(vertical)

Greek

O sessea scale height

B eovass scale height



Y TR E] \/59/3)/0

) ceeoea pitch angle (2nd Euler angle)
v vieean eddy viscosity

v cheees eddy viscosity at ground level
o creenn density of air

¢ es o s v latitude

% ceoans roll angle (3rd Euler angle)

L aee e " r-dependent factor in radial and azimuthal velocity

components (eg. II-1)
P e vaw angle (1st Euler angle)

§2 teaeas component of earth's rotational velocity at edge of

_tornado-cyclone
2 cenans earth's rotational velocity
» ceeene angular velocity vector

Subscripts

b body

i ceeaee inertial
W cesens wind
1 cesean maximum azimuthal velocity
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Superscrints

seecarrana vector quantity
. tecacenaas time derivative (x = dx/dt)
™ sesessacas over-bar denotes dimensionless guantity

made dimensionless by division by ry
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SECTION IiI
MISSILE AERODYNAMIC COEFFICIENT MEASUREMENTS

The six-degree-of-freedom missile trajectory program requires as input
parameters the aerodynamic characteristics of the missile configuration to be
studied. In general, this information is required in the form of six static
coefficients as a function of attitude relative to the wind (and distance above the
ground when near the ground}. Since little or no information over a sufficient
range of missile attitudes was available in the literature for shapes of interest
as missiles, it became necessary to carry out a wind tunnel test program using
scale models principally but supplemented by full-scale testing in the case of
the cylindrical configurations., In addition, a brief test program was conducted

using freely-falling, tumbling sub-scale models.

The use of Reynolds number (PVE/v), which is the ratio of inertial to
viscous forces, as a scaling parameter is well established in the literature
of fluid mechanics, In brief, it can be demonstrated both analytically and
experimentally that for geometrically similar shapes, matching the Reynolds
number assures matching fields of flow and therefore similar forces and
moments are experienced by the shapes. It is this scaling principle which
allows for the use of sub-scale models in much experimental work in fluid
mechanics. The Reynolds number of the sub-scale test is generally matched

to the full-scale value by increasing the density, P, or the velocity, V.

For circular cylinders it has long been established that there is a rather
abrupt change in the flow field at the so-called "critical Reynolds number''.
This occurs because, as Reynolds number is increased beyond a critical value,
the point at which the flow finally separates from the surface of the cylinder
moves rather rapidly rearward irom near the point of maximum thickness where
it occurs over a range of sub-critical Reynolds numbers, This rearward move-
ment of the separation point results in a much smaller wake behind the cylinder
and, because the wake is a major contributor to the drag, the total drag of the
cylinder is reduced by a sizable amount. An example of this behavior is shown
in Fig. 3-17. The exact value of the critical Reynolds number is dependent on

the roughness of the cylinder's surface and turbulence of the flow.
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In the case of blunt shapes having sharp edges such as the pla.nk. or the
car configurations the effect of Reynolds number on the aerodynamics is less
because the point of flow separation is usually fixed at a corner regardless
of Reynolds number and therefore the wake remains essentially constant in

size,

On the basis of these well established facts, aerodynamic coefficients
for the p1a1_1‘]; and motor vehicle shapes were obtained at Reynolds numbers less
than full scale but the cylindrical configurations were tested through a range of
Reynolds numbers from sub-critical into the supercritical region since for var-
ious cylindrical configuration and under various conditions in th2 tornado flow

field both sub-and supercritical Reynolds numbers can occur.

The sub-scale tests were conducted in the GALCIT 10-ft Wind Tunnel
(GALCIT TEST 973) and included free-air and ground-plane tests. !

Full-scale tests on the 15-ft length of 12-in. dia schedule-40 steel pipe
were conducted at the Lockheed-Georgia Low Speed Wind Tunnel (LSWT Test
185) for the purpose of obtaining supercritical Reynolds number data on a cylin-
drical configuration,

Other full-scale tests (7002) were performed on a 1974 Dodge Dart
4.door sedan at the National Research Council, Ottawa, Canada, using the 30
Foot Wind Tunnel in the Low Speed Laboratory., Free-stream and ground-plane
tests were performed to obtain confirmatory data for the GALCIT sub-scale

model tests.

The scale model drop tests were conducted from the roof of a building at
JPL which allowed for 126 ft of free fall. Their purpose was to obtain experi-
mental tumbling data for comparison with both the empirical formulas appear-
ing in the literature and a synthetic tumbling coefficient generated from the

experimental static coefficients of this report.

lDa’ca from ground plane tests which show the effect of the presence of the
ground on the coefficients is presented in this report but has not been used in
the computer runs because the capability of varying aerodynamic coefficients
as a function of elevation is not currently a part of the computer program,
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A, SCALE-MODEL WIND TUNNEIL TESTS
1. Test Conditions

Except for the utility pole shape which was tested during Phase I of
this program and presented in Redmann, et al, 1976, all of the missile shapes
from the NRC tornado missile shape list were tested in the sub-scale tests at
the GALCIT 10-ft Wind Tunnel. In this report, data are presented for five

additional missile configurations:

1} Right circular cylinder, length/diameter of 14.1
2) Right circular cylinder, length/diameter of 36,0

3) Rectangular parallelepiped with linear dimensions in the
ratio 1:3:36

4) Nominal sedan-type automobile

5) Nominal van-type truck

The shorter fineness ratio cylinder represents a 12-in. schedule-40
steel pipe, 15-ft-in length while the longer cylinder has the geometi‘y of a steel
reinforcement rod 1-in, in diameter by 3 ft in length, Cylinders of intermediate
length~to~diameter ratios representing a utility pole (13. 5 in. in diameter and
35 ft long) and a 6-in. diameter, 15-ft long, schedule-40 pipe were also tested
but are not reported here because of the relatively minor effect of length-to-
diameter ratio, in the range tested, on the aerodynamic characteristics of cir-
cular cylinders, i.e.,, the cylinder data presented here can be used for those
shapes at the appropriate Reynolds number, The rectangular parallelepiped
represents a wood plank 4 in, x 12 in, x 12 ft, Figures 3-1 and 3-2 show the
shapes and basic dimensions of the car and van, respectively. The van was
added to the original list of candidate missiles because its basic shape was
somewhat representative of such configurations as school busses, house trailers,
and semitrailers, and because it represents a motor vehicle with a higher value

of the flight parameter, Cpa /W, than an automobile.
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Fig. 3-1. Configuration of test automobile model
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Fig. 3-2. Configuration of test van model
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The data from the GALCIT test were obtained at a dynamic pressure of
25 lb/ftz which corresponds to a Reynolds number of 0.834 x 106/ft and a wind
tunnel free-stream velocity of 112.7 mph (165. 3 ft/sec). In terms of the diam-
eter (2.50 in.) the Reynolds number for the cylinder models was 1.74 x 105,
which falls into the sub-critical (high drag) region for a smooth cylinder normal
to the flow. It should be used only when subcritical Reynolds number data are

required.
2. Model and Test Installation

The cylindrical models were constructed of 0,25-in, wall-
thickness seamless aluminum tubing with an outside diameter of 2.50 in. and
lengths of 90 in. (L/d = 35) and 35.3 in. (L/d = 14.1). These models were
considered to be aerodynamically smooth (but were not polished), and were fitted
with removable end caps. They were tested with open ends and with closed ends
to represent the utility pole configuration. The closed-end data confirmed the
earlier data in Redmann, et al. The cylindrical models were rigidly attached
at their midpoints to a support of circular cross-section extending from the
roof of the tunnel test section. This support was mounted at its upper end to an
external, six-component balance system. It was shielded from wind loads by
means of a nonmetric (isolated from the balance) symmetrical airfoil fairing
extending to within 0.25 in. of the cylinder surface which was designed to mini-

mize the support-interference effects (Figure 3-3).

The support had the capability of rotating about a vertical axis (yaw)
through 54°, The full 100° range of the test was obtained by reorienting the
model relative to the balance at the 45° yaw point. An internal mounting plug
was required at the midpoint of the cylinders because the wall thickness was
not sufficient to carry the steady and unsteady air loads at all dynamic pressures
of the test. The plug was designed with six 0.25-in. diameter holes drilled
parallel to the cylinder axis of rotation in order to allow internal flow when
the end caps were removed. End on (Y = 0°), it probably represented some
impediment to the internal flow through the open cylinder but at higher angles
of yaw this flow is diminished and the plug has little effect. A view of the

schedule 40 pipe model mounted in the wind tunnel is shown in Figure 3-3.




Fig. 3-3. Installation of 12 in., schedule 40 pipe model in
GALCIT wind tunnel

The model of the plank which had the shape of a rectangular parallelepiped
with the dimensions 2 x 6 x 72 in. (half-scale) was constructed in three sections
in order to meet strength requirements without excessive weight. The two end-
sections were constructed of plywood faced with Formica and fitted to an alumi-

num center section by means of a 2-in. wide tongue and groove joint. The sec-

tions were joined with five flush bolts on each side. Figure 3-4 shows the model

installed in the tunnel. The aluminum center section provided a metal-to-metal
fit to the wind tunnel balance as well as an attachment point for adapters which
provided settings of 0%, 30°, 60°, and 90° in roll about the longitudinal axis of

the plank.

The car and van models were constructed from clear sugar pine, using
a hollow box-like interior to reduce weight and provide space for the aluminum
support structure. The support was made from 2-in. square tubing and welded
such that a support opening was provided in the roof, side, and rear. To this

was bolted the inside bottom of the car or van and the shape built up around it.
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Fig. 3-4, Installation of plank model in GALCIT wind tunnel

Figures 3-5, 3-6, and 3-7 show the car and van installed in the GALCIT wind
tunnel with examples of the three mount positions. Both models were approxi-
mately 0.20-scale. This scale was chosen as the largest at which tunnel

blockage effects could be acceptably removed from the data.

To determine the effects on the aerodynamic coefficients of the presence
of the ground, some configurations were tested at various distances above a
ground plane which was installed in the test section of the tunnel. This so-
called ""ground effect'" results from the constraining effects of a solid boundary
on the flow. The effect decreases as distance from the solid boundary
increases. In the ground-plane tests the ground plane spanned the test section
and was about 10 ft long. The leading edge was shaped so as to insure smooth
flow over the surface. Three-quarter inch plywood arranged in from 9 to 16

panels, necessary to span the circular cross-section at different heights, made

up the surface. A substructure supported on four adjustable-length struts cradled

the panels. Two screw jacks attached to the ground plane centerline at
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Fig. 3-5. Installation of test automobile model in GALCIT
wind tunnel; top mount

Fig. 3-6. Installation of test automobile model in GALCIT
wind tunnel; side mount
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Fig. 3-7. Installation of test van model in GALCIT wind tunnel;
rear mount

approximately the 20% and 80% chord positions assisted in adjusting the various
heights. Ground-plane height was varied manually and only specific height posi-
tions could be used readily. A view of the ground plane with the pipe model at

Y = 0° and a tunnel survey probe (not present during data runs) is shown in Fig.

3-8, a side view of the ground plane with the plank at 0.25 in. above it is shown
in Fig. 3-9.

Data from GALCIT tests are reported in Section III-C along with data from

full-scale tests described below.
B. FULL-SCALE WIND TUNNEL TESTS
1. Steel Pipe - 12 in, dia by 15 ft long
a. Test Conditions
Because of geometric and tunnel performance constraints in the GALCIT

Wind Tunnel, it was not possible to test the cylindrical configurations in their
3-9




Fig. 3-8. Installation of cylinder model (¥ = 0°) and ground plane in
GALCIT wind tunnel, looking downstream

Fig. 3-9. Side view of ground plane installation showing plank
model and support with fairing
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supercritical Reynolds number regime, i.e., Red >20.4 x 106. Since the drag of

a cylinder with its longitudinal axis normal to the flow is known to be dependent
on the Reynolds number regime, it was deemed expedient to carry out a short
test on a full-scale pipe at a supercritical Reynolds number. By using an actual
pipe, surface roughness, which exerts a small but significant effect on drag,

was also matched exactly.

The model was a 15-ft length of 12-in diameter schedule-40 steel pipe in
field condition, i.e., the ends were flame cut and the cylindrical surface of the
pipe was tested as it came from an outdoor storage area. Only the open-end
pipe and a few runs with the ends closed were tested because the effects of
Reynolds number on blunt or sharp-edged configurations, such as the beam and
car, are usually small or nonexistent in the range of Reynolds number which

will occur during a tornado.

Eleven runs (total) were made at the Lockheed-Georgia Low-Speed Wind
Tunnel in the 16.25 x 23, 25 ft test section. Most of the runs were made at a
nominal free stream velocity of 130 mph (q = 40 lb/f’cz) which results in a Reynolds
number, based on diameter, of 1.17 x 106. Test data at higher velocities
were unreliable because the large unsteady forces resulting from asymmetric

vortex shedding caused large shifts in the balance air-off zero readings.

b. Installation

The 12-inch pipe was supported in the wind tunnel as shown in Fig. 3-10
by a 57-in. length of 5-in. OD by 0. 5-in. wall Shelby tube, which was butt-
welded to the midpoint of the pipe. When the pipe was in test position in the
test section, this tube extended through the floor, without contact, into a 17-in.
length of 5-in. ID pipe, which was mounted to the wind tunnel balance. Attach-
ment of the Shelby tube to the balance support pipe permitted testing of the model
at four heights above the test section floor. The support tube was shielded from
air loads by means of a symmetric airfoil-shaped fairing (4-in. thickness by 24-
in. chord), which was mounted to the floor but did not touch the model or its

support. The fairing (see Fig. 3-11) was constructed of a series of vertical
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Fig. 3-10, Prototype 15-ft, 12-in, diameter, schedule 40 pipe being in-
stalled in Lockheed-Georgia Low Speed Wind tunnel

!
r

LOCKHEED Geoagyy

- LOW SPEED Wb g <

Fig. 3-11. Prototype 15-ft, 12-in, diameter, schedule 40 pipe during
testing, Note tufts (used only during flow-visualization
run) and support fairing




sections to accommodate the various heights of the model above the wind tunnel
floor. At the support position nearest the floor (0,069 diameter or 0.875-in.
distance between floor and lowest point on pipe), no fairing was used. The
model, together with the support and balance to which it was rigidly attached,
could be remotely rotated through the yaw range from -5° to 95°, over which

data were taken while the fairing remained aligned with the airstream,
2, Automobile - 1974 Dodge Dart
a. Test Conditions

Wind tunnel tests were performed on a 1974 Dodge Dart 4-door sedan with
dimensions approximately 16.7 ft long, 5.8 ft wide and 4. 3 ft hizh. The 30 ft by
30 ft Wind Tunnel in the Low Speed Laboratory of the National Research Council,
Ottawa, Canada was used for the tests which included measurements both in

free air and in the presence of a ground plane.
The following tests were performed:

1% Vehicle in Free Air (Center of tunnel) - 50 and 70 mph
an Roll angle, 0°; yaw angle, -5° to 95°

Zie Vehicle on Tunnel Floor (Ground plane) - 50 and 70 mph)
Roll angle, 0°; yaw angle, -5° to 95°; pitch angle, 0°
-5° to 159;. 50
-5° to 15°; 10°

Note: Rotation about rear bumper for pitch angle.

3 Reynolds Number Runs - 30 - 120 mph
Vehicle in center of tunnel: roll angle, 00; yaw angle, 0°
90°
Vehicle on floor : roll angle, 0%; yaw angle, g
90°
The listed free air and ground plane tests were sufficient to provide data for

comparison with the GALCIT sub-scale model car tests,
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Both wind-on tares (support structures) and static tares have been
subtracted from the reported forces and moments. The flow interference

effects between the vehicle and the support structures were ignored.
b. Installation

For the free air tests the vehicle was mounted on the two main struts
which are normally used for aircraft testing. Bayonets made from 4 in. O. D.
tubing positioned the car on tunnel centerline and connected the car to the struts.

See Figure 3-12.

The engine, transmission and gas tank were removed from the vehicle and
replaced with styrofoam to simulate original shape. Channels and struts were
installed on the frame of the car for the bayonet connections and the suspension
system was 'locked' so that no changes of the vehicle attitude in relation to its

wheels could occur during the tests.

The fairings which covered the two main struts always remained aligned
with the windstream during the yaw tests. No fairings were used on the bayonet

connections,

Special mounting pads and fairings were designed for the ground plane
tests to hold the vehicle at the desired angles of attack (5O and 10° rotated about
the rear bumper). See Figure 3-13. The vehicle was positioned on the pads,
using 4'" high wood chocks behind each wheel, and the pads were bolted to the
turntable. The pads and fairings were 6 in. wide and the heights were 4. 27 in.
and 8.61 in, rear and 14.0 in. and 27.9 in. front respectively for the 5° and
10° angle of attack tests. See Figure 3-14. The fairings were not designed to

maintain wind alignment because of the limited yaw angle (1 50) for the tests.
C. WIND TUNNEL TEST RESULTS
1. Definition of Aerodynamic Coefficients

The tabulated and plotted data from both sub-scale and full-scale wind
tunnel tests are presented in the next subsection in terms of wind-axis coeffi-
cients. The wind-axis system is one which remains aligned with the relative
wind, independent of the attitude of the body. The sign conventions (Fig. 3-15),
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Fig. 3-12. Installation of 1974 Dodge Dart for free air test
in the 30 ft by 30 ft Wind Tunnel at National
Research Council, Ottawa, Canada

Fig. 3-13. Installation of 1974 Dodge Dart for ground plane
tests in the 30 ft by 30 ft Wind Tunnel at National
Research Council Ottawa, Canada
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Fig, 3-14. Installation of 1974 Dodge Dart for ground plane
tests at angle of attack in the 30 ft by 30 ft Wind
Tunnel at National Research Council, Ottawa, Canada
are as follows: left side up is positive rotation about the X- (or longitudinal)
axis; nose to the right is positive rotation about the Z- (or vertical transverse)

axis; and nose up is positive rotation about the Y- (or horizonatal transverse) axis.

The angle of attack e is the angle between the wind vector and the body
centerline projected on a vertical plane through the wind vector. The yaw
angle Y is the projection of that angle on a horizontal plane through the wind
vector. The roll angle ¢ is the angle between the initially horizontal lateral

axis of the body and the horizon.

Forces are defi._ned as positive to the rear, to the right, and upward, for

the X-, Y- and Z-axis, respectively.

Given below are definitions for the six wind-axis coefficients as used in
this section and Appendix C. These are the definitions commonly used in wind
tunnel testing; however, for convenience in writing the trajectory program some
of the coefficients have been defined with opposite signs. These changes are

explained in Section II.
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Fig. 3-15. Sign conventions used with aerodynamic coefficients
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F() or M() is the aerodynamic force or moment about the axis indicated
in the subscript; S is the reference a.rea.l; 1. is the reference length; and q is
the dynamic pressure, given by the expression

q = 1/2pV°

where p is the density of the air, and V is the relative velocity between air and

the center of gravity of the body.

The moment reference center is the cylinder centerline at the nose for
the eylindrical configurations and is the corner formed by the nose and bottom

of the body in the vertical plane of symmetry for the motor vehicles.

In addition to the six wind-axis coefficients, three body-axis coefficients
(CY, CN and Cp) are used to obtain the center of pressure locations, These
coefficients are related to the body-axis system, which is tied to the body and
moves with it. In the body-axis system, the X-axis is the longitudinal axis of
the body and the Y- and Z-axes are, respectively, those which are transverse
horizontal and transverse vertical to the X-axis when the body is at zero angle
of roll, attack and yaw. The center of pressure is the point through which the
aerodynamic forces onthe body pass. The expression used to obtain the center

of pressure (ch), non-dimensionalized by the body length, is

X
CE —_—
L

ZOl_dO

where C_ and CN are, respectively, coefficients of the moment about, and the
force along, the Y-body axis. At yaw angles near zero, C_ becomes small and
the ratio method of obtaining center of pressure becomes unreliable, especially
if support-interference effects are present. Interferénce effects which are
usually not troublesome in determining the individual coefficients may become

so due to the small value of the denominator in the ratio. This appeared to be

1Reference areas and lengths as well as moment center locations for the various
test configurations are given in Table C-1 (Appendix C).
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the case for the cylindrical configurations, but not for the shapes with corners,
such as the plank, For more reliable values for the location of the cylindrical
centers of pressure, minor supplemental tests were conducted using 17-in. and
18-in. long cylinders (of varying diameters) for the L/d = 14,1 and the L/d =

36. 0 configurations, respectively, in a small, low-speed JPL wind tunnel at sub-
critical Reynolds number. In these test the center of pressure was determined as
the pivot point farthest aft from the nose at which the small cylindrical models
would weathervane into the flow with the flat circular face forward. Data was
obtained in this fashion for yaw angles of 0° and 130 for the L/d = 14,1 cylinder,
and at 0° _only for the L/d = 36.0 configuration (Fig., 3-16), Since these data
points are considered more reliable at small yaw angles than those obtained by
forming the ratio of the moment and force coefficients (or their slopes), the
fairings were extended to them, and the faired values, included in the tabula-
tions. In Fig. 3-16 the points which decrease sharply as the zero yaw angle is
approached were obtained by the ratio method while the flagged points in the
vicinity of XCP/L = 0.45 through which the fairings pass were obtained from the

supplemental test,

Although the moment center used in reducing the coefficients is, in the
cases of the cylinders and the plank, the center of the body along the longitudinal
axis, the values given-in the tables in Appendix C have for convenience been refer

enced to the nose for all configurations.
2. Interpretation of Test Results

Before proceeding to a detailed discussion of the results it will be useful
to mention the limitations of the data and the rationale used in fairing the plotted
data and tabulating the smoothed results. The models were sized to the tunnel
test sections so that standard wind tunnel corrections for blockage and horizontal
buoyancy could be and were used in reducing the data. One of the conventional
support systems available in each of the tunnels was used throughout ﬁheée
tests, along with external, six-component balance systems. It is well
known by experienced aercdynamicists that this support system introduces
an interference effect to the flow over the model which variés with the attitude
of the model. Indeed, any system of physical support for the model will intro~

duce interference effects, although the magnitude of each system mav
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Fig. 3-16. Center of pressure location as a function of yaw angle
for open circular cylinders of length-to-diameter ratios
equal to 14.1 and 36.0

vary at a given model attitude. Even a model which spans the tunnel can be
said to suifer from a form of interference because of the tunnel wall boundary
layer and because end effects due to a finite length are not present. Through
the design of specialized supports and by testing the same model with zlternate
support systems it should be possible to evaluate the support interference and
to correct it to a limited degree, but a great deal of wind tunnel time and fiscal
resources would be needed since each configuration would require a separate
evaluation. No such course of action was attempted in this test program because
the use for which the data are intended does not require the level of accuracy
which would be needed to proceed with a detailed analysis of the flow field in
the vicinity of each model, Instead, engineering judgment was a guide in the
generation of the faired curves used to produce the ta_ifbulated data. For example,
where coefficients were known to be zero because of flow field symmetry, the
faired curves were forced through the zero points. In other cases where support
interference was suspected but aot demonstrable, judgment was used in the con-
struction of the fairing,
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Summary plots are presented in Figs., 3-14 through 3-17 and discussed
in detail below. Tabulated smoothed data which were used in the trajectory
calculations are given in Tables C-2 through (,-34,}—%.55»::33161—1;: C. All orientations
of all models were not tested because of balance mounting points, physical

‘interference with the ground plane, and limited test time.
a. Cylindrical Body Results

Figure 3-17 shows the effect of variation in Reynolds number
due to change in the velocity of the air flow on the full-gcale pipe free air drag
coefficient at ¥ = 90°. The upper limit of velocity (and Reynolds number) was
determined to be that beyond which good data could not be obtained because the
fluctuating forces normal to the flow caused by unsteady wake effects led to
unreliable results. The lower limit was set by the reduced level of the steady
drag force and the balance system sensitivity (accuracy of data reached the
limits of acceptability). It is clearly evident that the test Reynolds number of
the Lockheed-Geoxrgia full-scale test is in'the supercritical regime, which, in
this case, occurs for Re(51 >0.4x 106. However, even in the supercritical
regime the drag coefficient is shown to be a function of Reynolds number. The
shape of the curve in the supercritical region is similar to two-dimensional results
obtained by Achenbach, 1971, The Reynolds numbexr range.for the 12-in
pipe (neglecting gusts) which can occur in a tornado having 225 mph rotational
and a 70 mph translational velocity at its center is shown in Fig. 3-17. The
maximum value can occur only when the pipe is stationary relative to the ground
and is less at all other points in the trajectory because the pipe is moving with
the wind. Because of the uncertainty and variability of the Reynolds number of
a pipe missile during its trajectory in the tornado and hecause the Reynolds
number effect is smaller or nonexistent at lower values of yaw angle, it appears
reasonable that data as obtained from the maximum Reynolds number of the full-
scale test be directly used for the 12~ and 6-in. pipes in trajectory calculations.
Also shown in Fig. 3-17 are two subcritical values of CD at Y= 900 for a smooth
pipe of the same length-to~diameter ratio obtained during the GALCIT wind
tunnel test, Because of its smaller diameter, the Reynolds number of rein-

farcement rod will fall in this range during its entire trajectory.
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Fig. 3-19. -Effect of distance from ground plane on the drag and lift coef-
ficients of open circular cylinder (length/diameter = 14.1)
normal to flow (U = 90°) in supercritical Reynolds Number
regime

In Fig. 3-18 this comparison between the GALCIT test at subcritical
Reynolds number and the Lockheed-Georgia test at supercritical Reynolds
number is extended to three wind-axis coefficients over a full quadrant in yaw
for an open-ended pipe having a length-to-diameter ratio of 14.1 (the 12-in.,
schedule-40 pipe). The most important effect of the Reynolds number regime
is on CD’ and even there is significant only for ¥>60° although the effect on
Cn is also important. In the trajectory calculations the supercritical aero-
dynamics coefficients were used for the 12-in, and 6-in, pipes and the sub-

critical values were used with the reinforcement rod.
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The effect of the presence of the ground on the lift and drag
coefficients of the pipe at ¢ = 90° where the effect is greatest for the super-
critical Reynolds number regime is shown in Fig. 3-19 and tabulated in Tables
C-11 through C-13. The shapes of the curves are similar to those shown in
Roshko, Steinolfsun, and Chattoorgoon (1975), but the levels are lower because
in the cited work the cylinder was two-dimensional and the Reynolds number
subcritical. In both cases, the boundary layer thickness was approximately
half the diameter of the cylinder. The most significant difference is the fact
that in the three-dimensional case, the drag coefficient did not drop abruptly at
a ground clearance of 0.5 diameter, as occurred in the two-dimensional case
just cited but instead remains slightly above the free stream wvalue, to the
smallest value of h/d tested., The test values of h/d were 0,07, 0.29, 0.75 and
2.98. In the two-dimensional case (Roshko, Steirlolfs_on, and Chattoorgoon
1975), free stream values of CL and CD We‘re measured for h/d > 2.0; therefore,
the h/d value at 2. 98 may be considered as free of ground effects. The small
positive value of CL remaining at that height may be regarded as a support-

interference effect.

In Fig. 3-20, the ground effect on the full-scale pipe as a function of yaw
angle is shown for the six wind-axis coefficients. The drag coefficient CD
shows no ground effect up to a yaw angle of 35°, At higher angles the effect
gradually increases up to the values at ¢y = 90° shown in the previous figure,
The ground effects on the side force coefiicient CS are relatively minor but
appear to be greatest in the vicinity of ¥ = 450, where the force is greatest.
Some points at the higher ground clearances are missing in the ¥ = 45° region
because the unsteady forces were greatest there and considered dangerous to
the wind tunnel balance system. Variation in the lift coefficient curves hegins
at yaw angles as low as ¥ = 10° and the ground effect increases to its first
maximum at ¥ = 40°; it then decreases up to P = 65° where it again increases
to the second maximum from ¢ = 75° to 90°. In the case of the pitching moment
Crn the st_eady state free-air value should be zero over the entire gquadrant due
to the symmetry of the configuration. The small values measured are believed
to be support interference effects, The ground effects are greatest at 207 <

Y < 70°, For yawing moment C_, the ground effects are largest in the same



mid range of yaw angles as they were for side force, This is not surprising
since Cn is the sum of the moments induced by the side force and drag. The
ground effect is not large for ¥ near 90° even though the effect on drag is
greatest in that region because the moment arm approaches zero as ¢ approaches
90°. Again with the rolling moment C,, the free-air value should be zero due

to symmetry, and the values shown are a combination of support interference and
ground effects. The shape of the ¢y curve at h/d = 0,07 is quite different from
all the others in the mid portion of the yaw range; this indicates that the ground

effect on this coefficient is quite pronounced near the ground.
b. Full-scale Automobile Results

Figure 3-~21 shows a comparison of the full-scale auto wind
tunnel data with the sub-scale test data on the model automobile from the
GALCIT test. This model had the overall proportions of the full-scale Dodge
Dart but was in no sense a model of the actual vehicle. While the Cpy, Cm and
Cn curves show quite close agreement, the CL, CS and Cﬁ curves show a wider
variation. These variations are believed to be due principally to differences in
the two configurations but may also be caused partially by differences in support-
interference effects. The many differences in details between the model (Figs.
3-5 and 3-6} and the full-scale car Fig. 3-12, 3-13, and 3-14 have apparently
led to the sizeable differences in CL in the middle range of yaw angles where
the value for the model is near zero and in the vicinity of 0, 6 for the full-scale
car. The modél support on the roof of the model may also have contributed
to the difference by spoiling part of the flow over the roof of the model, In
the case of CS’ the difference between model and full-scale results is in the
opposite direction, No significant Reynold number-effects were observed in

either the full scale or sub-scale tests,

_ Additional ground-effect data wer e obtained during the wind tunnel test of
the full-scale Dodge Dart. Tables C-28 through C-31 present smoothed data
for the vehicle with wheels on the tunnel floor (o = 0°) and at five and ten degrees

angle of attack.
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D, SCALE MODEL DROP TESTS

Analysis of motion picture data from 31 drops made from the roof of
JPL Building 183 to the ground, a distance of 126 ft, produced the following

results:

A circular cylinder, L/d = 14.1, was determined to have a tumbling
resistance coefficient of 0.42 based on the reference area (length times diam-
eter), with the variation of 7%. This coefficient represents the effective aero-
dynamic resistance of a tumbling body.* This variation is based on estimated
equilibrium velocities for three drops, one each with initial axes of rotation
at 00, 45°
about 108°/sec. The initial rotational mode {about a transverse axis) damped

, and 900 relative to horizontal. The initial rotational rate was

to a falling~leaf mode before returning to the rotational mode, The equilibrium
velocity measured, therefore, resulted from motion in a combination of rotating
and oscillating modes, In spite of this, the equilibrium velocity varied only
from 29,0 to 30.0 ft/sec for the three drops with the various initial conditions

described above,

No useful tumbling data were obtained from those cylinders having an L/d
greater than 14.1 because rotational damping was toco great, Even though
moment of inertia was maximized by constructing the cylinders of styrofoam
with weights at the tips, it was limited by the maximum weight which could
reach equilibrium for an appreciable part of the 126-it drop distance. The
reduction of nonequilibrium data from the film was not feasible in these tests
because the velocity did not vary smoothly with time due to its functional
dependence on model attitude. 71 herefc’-z-e, acceleration could not be determined

with sufficient accuracy to be of use in determining the tumbling coefficient.

In the case of the car and van models which have only a single plane of
symmetry, an additional complication occurred. The equilibrium velocity was
a function of the angle between the longitudinal axis of the vehicle and the direc-
tion of motion. Models were launched with initial rotational velocity about the
longitudinal axis which was horizontal. The axis of rotation would slowly pre-
cess, toward a nose downward direction, due mainly to the location of the cen-

ter of gravity approximately 42% aft of the vehicle nose, Referenced to frontal

Similar measurements on full-scale 12-in. pipes have been made by Costello and
Stephenson 1978,



area, values of CD = 3,18 and 2.49 were obtained (two drops) for the car and
Cp = 2.74 for the van. An approximate value of 2. 8 might be used for both

vehicles. These coefficients are based on frontal area of the vehicles.

Although some drops were made with beam models, the photographic data
were not reduced because all the models went into an autorotational mode of
motion during the drop. As previously discussed by Billingsley and Brunk 1975
and in earlier work by Zipfel, it can be shown that dynamically similar motion
for a scaled rotor can exist in the presence of a gravitational field only when
ML = 1, and, in the presence of gyroscopic coupling (i.e., nonplane trajectory),
only when M = 1, where M is the mass ratio between prototype and model, and
L is the ratio of comparable linear dimensions. Since both of the above scaling
laws can be satisfied only when L = 1, completely general scaling cannot be
accomplished. Even for planar flight which occasionally occurred, the product
of M and L can be made equal to unity only by making the model of I:r.aaterial that is
much more dense than the wood of the full-scale plank. In that case, equilibrium
velocity would not have occurred within the drop distance of the test, Although
no quantitative data could be obtained on the plank configuration, the tests were
useful in that they indicated the possibility of an autorotational mode of motion
for the plank configuration, with resultant gliding flight characteristics which

are quite different from those usually assumed in the literature.

The drag coefficients obtained for the L/d = 14.1 cylinder and the motor
vehicles are compared to values obtained by other methods in the "results"

section (IV).
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F. NOMENCLATURE FOR SECTION III

reference area

drag coefficient (wind axis)

lift coefficient (wind axis)

rolling moment coefficient (wind axis)
pitching moment coefficient (wind axis)
normal force coefficient (body axis)
yawing moment coefficient (wind axis)
pitching moment coefficient (body axis)
side force coefficient (wind axis)

side force coefficient (body axis)

body diameter

distance from ground to bottom of body

body length

dynamic pressure (1/2 PVZ)
Reynolds number, E-ﬁ—:g

free stream air velocity
weight

center of pressure

angle of attack

air viscosity

free stream air density
roll angle

angle of yaw
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SECTION 1V
APPLICATIONS AND RESULTS. OF TRAJECTORY MODEL

A. INJECTION MODES AND INITIAL CONDITIONS

Injection modes are defined as the physical phenomena by which objects
enter into the flow field of a tornado. Itis the injection modes which determine
the initial conditions of the tornado-missile flight. In the 6-D.O.F. trajectory
program it is necessary to specify the initial values of the missile attitude and
rotational velocity in addition to those which are also required for.3-D. O, F.
trajectories, i.e., elevation, initial velocity of the center of gravity, and
location relative to the storm center. Specification of the initial conditions in
a rational manner is an important step toward predicting realistic missile
trajectories for use in nuclear plant design. In this section a wide variety of
injection modes is discussed and the rationale used to prescribe initial con-

ditions for subsequent trajectory calculations is described.

In general, an object will become airborne when the net vertical force
acting on the object is upward. The widely accepted characterization of the
modes of missile injection as ramp, aero‘dynamic, or explosive appears to
be adequate. However, recognition should be given to the fact tha;t in many,
if not most, instances a combination of the various modes may contribute to
the initial conditions of injection. For the purposes of this report the three

modes of injection are defined as follows.,
1. Modes of Injection

In the ramp mode a part of the kinetic energy generated by the hori-
zontal portion of the wind velocity vector, i.e., the radial and azimuthal
components of the tornadic wind, is converted to a vertical orientation by
means of a slope or ramp, up which a tumbling or rolling missile is propelled
by the horizontal wind components until the end is reached and the missile is
launched into the tornado flow field at some initial height with initial vertical,
horizontal and rotational velocity components. The forces exerted on many

of the missile configurations due to the horizontal components of the flow field

can be considerable even for missiles which are initially at rest at ground level.
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Injection from an above ground location such as from an elevated platform or

truck or crane can be included under this mode of injection as a special case,

The principal force in the aerodynamic injection mode is lift; i. e., the

aerodynamic force normal to the wind velocity resulting from the reduced
pressure due to higher velocities over the upper surface. The pressure

difference is the result of body shape or of proximity to the ground,

Another contributor to injection of the missile into the main flow field of
the tornado is the aerodynamic force due to the vertical component of the wind.
However, although this component is significant over much of the trajectory of
some of the missile configurations, it must be zero at the ground and is negli-

gible for any missile of concern here which is initially at rest on the ground,

The explosive mode of injection is related to the aerodynamic mode in that

the vertical motion is imparted by a pressure differential; it differs in terms
of the physical phenomenon imposing the differential., In the older concept of

t

the "explosive'' mode, the force was thought to be produced by the very rapid
decrease in atmospheric pressure as a tornado moves across a hollow structure
such as a building, The external pressure drop was believed to be sufficiently
rapid so that the internal pressure of the structure was unable to remain in
equilibrium, and a pressure differential was thereby created which led to disin-
tegration of flimsy structures into numerous pieces, some of which resembled
the missile configurations under consideration., Because many structures such as
buildings have an appreciable leak rate to attnosphere, either by design or due to
the nature of the construction, the full pressure differential between normal atmo-
spheric pressure and the reduced atmospheric pressure of a point in the

tornado is seldom realized, Bates and Swanson (1967) suggest that a pressure
impulse equal to 0.1 of the full pressure differential may be an appropriate

value for use in computing the effects of explosive injection. More recent

work (Minor et, al., 1976) suggests that wind-induced forces are the principal
cause of the "explosion effect' since outward acting forces exist on four of

the five sides of a rectangular structure exposed to a linear wind. The follow-

ing paragraphs explain how these injection modes are treated in trajectory

calculations made in this program.



In both the explosive and aerodynamic injection modes the effective
upward force acts only for a very short period of time and can be considered
as an impulsive force, If one neglects any structural retaining forces, the

vertical force balance can be written,

Waw _ gy - w (IV-1)
g0 dt

where W is the weight; w, the vertical velocity; and &0 the constant in Newton's

second law. Eguation (IV-1) can be solved for the resulting vertical velocity:

t
gn
w(t) = = J F(r)dt - gt (IV-2)
[s]

After the missile has risen from the ground, a vertical component of the tornadc
wind field which varies with height, and therefore time, acts and the expression

for the total impulse can be expanded to

t ~t t
fF(t)dt=J Fl(t)dt-!-f F,(t)dt (IV-3)

o] O 0

where the vertical wind force is

1 2
Fao=z0p0,V,

CDA (IV-4)
where p, is atmospheric density, CD is coefficient of drag, Vz is the vertical
component of velocity, A is the reference area, and Fl represents either

the impulsive force due to the rapid pressure reduction {explosive injection
mode) or the impulsive lift due to the horizontal wind {aerodynamic injection
mode). In the former case,

F, = Ap(t)A (Iv-5)



and in the latter,

F, == pa(uz + VZ) C.A (IV-6)

where CL is the coefficient of lift,

The aerodynamic coefficients, CD in eq (TVv-4) and CL in eq (IV-6) are,
ingeneral, functions of the missile attitude but are usually approximated as con-
stants in injection calculations in the literature because of the short times
involved. However, because the details of the near-ground flow field are
included in this fluid-dynamic model of the tornado and because the aerodynamic
coefficients for the configurations have been experimentally measured, it is not
necessary to approximate the integrals of eq (IV-3) for aerodynamic injection
by a constant force acting over some arbitrary effective time as was necessary
in the past (Paddleford 1969 and Lee 1973). Instead, they can be numerically
evaluated within the computer program and the appropriate variation of force
components used in the trajectory computation, In the aerodynamic mode the

initial conditions are those which immediately precede the onset of the tornado.

For cases which consider the ramp or explosive mode of injection some-

what more arbitrary assumptions for the injection velocity components based

loosely on the geometric and inertial characteristics of the missile configuration
must be used. In the explosive ejection cases, the method presented by Paddfeford,
1969 is used to estimate an equivalent injection height. This approach analyzes

the mode in terms of two processes acting in parallel to reduce the pressure differ-
ential applied by the tornado; namely, the flow of air out through openings created
by the building reaction and secondly, the increase in contained volume due

to building reaction i. e., the movement of the roof and walls. To reduce the
degree of approximation, and for greater consistency with the aerodynamic

mode of injection, the injection height, which was computed as the result of an
impulsive force, is converted to an initial velocity which would result in that

height by assuming uniform deceleration due to gravity:
w = \2g=z (IVv-7)

where z is the injection height and w is the initial vertical velocity., The use
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of this simple approach may not be overly realistic but can be expected to pro-
duce conservative results (i.e., injection heights or velocities are greater than
the real case). For the initial conditions of this report the explosive effect
caused an iasignificant initial velocity and explosive injection runs are therefore

not included in the results.
2. Rationale for Selection of Initial Conditions

The following rationale was used to develop the initial conditions and
injection modes for each of the missile configurations. These conditions and
modes are consistent with current design criteria. Physical characteristics

and initial conditions are given for each configuration in Tables 4-2 through 4-6.

a. Utility Pole

The maximum initial height of 40 ft is assumed to occur while the
pole is being carried by a crane prior to emplacement in the ground., The maxi-
mum horizcontal velocity of 30 mph is taken to be that of a truck carrying the
pole. The maximum vertical velocity is taken as the velocity of a pole bouncing
along the ground end over end. In terms of orientation, o = 00, g = 900 is a.
rolling pole or pole on a truck in a cross wind while @ =45°, ¢ =0%is a pole
bounding along the ground end over end. The variation of center of gravity
offsets allows for the possibility of attachments and simulates to some extent
the effects of asymmetric aerodynamics, The offset is assumed to be produced
by a point mass located at one end of the configuration which added to the total

weight.

In addition to the initial conditions developed for this work, runs
were made using the.initial conditions of Simiu and Covdes 1967 for purposes of
comparison. In those runs the initial height of 40 m (131. 2 ft) was greater than

what is referred to as maximum initial height in this section.
b. 1Z-in. Pipe
Initial height could be as high as the top floor of the highest structure

in the plant (taken as 100 ft). The ipitial assumed maximum angular velocity of

10 rpm could be generated either by tumbling end for end in the manner of the
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utility pole, or by a wind-assisted flip as it rolls off an upper floor. The maximum
initial conditions for the horizontal and vertical velocitv components of 40 and 20 mph,

respectively occur in bouncing along the ground with a center of gravity offset of 10%.
c. 6-in. Pipe

The same rationale for initial height and velocity components developed
for the 12-in. pipe applies. The inifial angular velocity was increased to 15 rpm

because of the smaller moment of inertia in tumbling.
d. Reih_forcement Rod

Again, the same rationale for initial height and velocity components as
was used for the 12-in. pipe applies. No offset of the center of gravity is consider-
ed, and angular velocity as great as 30 rpm may occur, because of the much smaller

moment of inertia in tumbling.

A few preliminary runs using the explosive injection equations and a
pressure differential well beyond what would be expected in even the most
severe tornado produced an effect equivalent to an initial height of only 15 feet
which had a negligible effect on the trajectory so the explosive injection mode

was not considered further in the results section,
e. Wood Plank

For the aerodynamic injection cases the same rationale for height,
linear velocities and center of gravity offset used for the 12-in. pipe is again
employed. The higher rotational velocity results from the lower moment of
inertia. Explosive injection was also considered for this configuration under
the assumption that the plank was part of the structural support for the roof of
a warehouse type of building having linear dimensions of 90-ft and experienc-
ing a pressure differential of 0.15 pis. By use of the method of Lee 1973, the
explosive injection height proved to be on the order of one foot, as would occur
with an initial vertical velocity of 5 mph. Again, the effect on the trajectory

was negligible and explosive modes are not included in the results,
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f. Automobile

For purposes of comparison with Simiu and Cordes 1976, an initial
height of 40 m (131. 2 ft) and zero initial velocity is used for some of the automo-
bile trajectories. In other trajectories we have chosen to assume the case
of a car on the ground running away from the tornado at 30 and 60 mph as well

as a stationary case.

Some consistent sets of initial conditions which result from the
above rationales have been used as initial conditions in the trajectories con-
tain=d in this section. These cases may not always represent worst cases
but they are at least self-consistent and have been logically evolved. Many
other scenarios could he postulated which would lead to other sets of self-
consistent initial conditions but the resultant trajectories should not differ
greatly from those computed in this report. This approach avoids the problem
which can arise in a more systematic variation of initial parameters; namely,
that the worst case trajectories may result from logically inconsistent sets of
initial condifions. For example, a car ata 130 ft. initial height which might
wepresent 2 multi-story parking structure would not logically also be moving
at 60 mph.

Detailed results of trajectory calculations are given below using
both the initial conditions of Simiu and Cordes and the initial conditions discussed

in Section IVA for each of the Spectrum II missile types.
B. SIX-DEGREE-OF -FREEDOM MISSILE TRAJECTORIES

Because the missile trajectory characteristics derived in Simiu and Cordes
1976 have been used as the basis for the Spectrum II missiles in the N.R. C.
Standard Review Plan, Revision 1 {NUREG-75/087), a detailed comparison of
their findings with results using the data and methods of this report has been
conducted, Comparisons are made between Simiu and Cordes'! results and the

results obtained using the methods of this report with the Simiu and Cordes
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tornado 1:ypes1 1, 2, and 3, henceforth referred to as the Region I, II and IIT
tornadoes and the JPL torna,doz. The results in terms of maximum horizontal

velocity are summarized in Table 4-1.

In general, the comparison shows that the JPL values for maximum velocity
for the 6 D. O.F. trajectories which use experimental values of aerodynamic
coefficients varying with attitude are considerably less than the 3 D, O. F.
trajectory values of Simiu and Cordes. Of special importance are the com-
parisons for the 12-inch pipe and automobile. For the 12-inch pipe the JPL
results give maximum horizontal velocities which are 53%, 54% and 57% of
those obtained by Simiu and Cordes for the Region I, II, and IIT design tornadoes,
respectively, For the autormobile, initially perpendicular to the storm center
direction, the JPL values are 54%, 38%, and 15% of the Simiu and Cordes
values, 3 The last two columns of Table 4-1 give results for the JPL tornado
with 3 D. O, F', trajectories based on the flight parameter values of Simiu and
Cordes and with 6 D, O, F, trajectories. Comparison of these columns with
results for the Region II tornado, which is closest in swirl velocity to the

JPL tornado, shows that they are approximately equal or less in all cases,
1, Cylindrical Shapes

Effects of the release mechanisms which were postulated in Part A of
this section are given in Tables 4-2 through 4-5 which summarize a large
nutnber of computer runs. The dimensions and weights of the missiles are
given in the respective table headings. All runs presented in this section use
the default values of wind field eddy viscosity parameters (v=1 ftz/sec, a=3.5 ft,
B=270 ft).

These tables also include the cylindrical configurations of the Spectrum II
missiles which were run for comparison with Simiu and Cordes using Region I,

Il and II tornadoes and the same initial conditions except for specification of an

These correspond to the interim regional design tornadoes as given by Markee,
Beckerly and Sanders 1974 for Regions I, II and III, respectively.

2 . _ _ -
JPL maximum probable tornado: Vma.x = 225 mph, U, = 30 mph, R1 =0.1

mile,

'For an initial orientation parallel to the storm direction the JPL values are
41%, 29%, and 24% of the Simiu and Cordes values.
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Table 4-1. Comparison of maximum horizontal velocity between the results of Simiu
and Cordes and of this report for Spectrum II missiles. Initial height
of 131, 23 ft (40 m) and initial velocity of zero. Initial orientation
long axis perpendicular to storm direction

| Maximum Horizontal Velocity (m/s)
Maissile l\é::\.gs)s Dimensions {m) Region I Region II Region III . JTPL Tornado
S&C JPL S&GC JPL S&C JPL S&C JPL
A. Wood Flank 52 JPL: 0,102 x 0. 305 x 3. 66 83 63 70 58 58 51 70 55
S&C: 0,092 x 0, 289 x 3. 66
E. 6-in Sch. 40 Pipe 130 0. 168D x 4. 57 52 24 42 15 10 5 35 17
C. 1-in, Steel Rod 0. 0254D x 0.914 51 51 40 40 38 6 33 18
D, Utility Pole 510 0. 343D x 10,62 55 53 48 44 26 14 39 21
E. 12-in Sch 40 Pipe 340 0.324D x 4,57 47 25 28 15 7 4 29 13
F. Automobilel 1810 JPL: 5,15 x 1. 77 = 1. 37 59 32 42 20 41 7 46 23
S&C: 5.00 % 2.01 x 1. 31

1Prr;:opc::rr:icnf:s taken from an actual autemobile were used for the JPL test tmodel,
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Table 4-2, TUtility Pole, 35 ft x 1,12 ft O, D., 1495 1b {1124 1b runs 8-12), super critical Re
CG Offset
% Angulay “ )
Run I.'.rc?'lt;tlh H:1%:1t Vcl:n:;]tly Yo VcI?;;’tg' o Vclo:;ﬁg} yo Pl;;‘:g‘ Eg‘g gzg Injection Mode Vmaxmph “tcmph 1‘lm‘m }"‘(:com"!'2 thomﬂc rr;ax Spetigsmax ril{:::g:ptc%d Ra};ge
3 0 40 0 0 ¢ 0 90 ¢ {crane, aero 225 30 0.1 & 0.099¢ 40.0 113.0 4.0 196 |
2 I+ 40 [4] 0 4] 45 180 Q ¢rane, acro 225 30 0,1 ] 0. 0999 44,8 128.0 0.0 1’5 La |
3 0 10 30 z0 10 45 180 ¢ Bbouncing, aero 225 30 0.1 4] 0.0999 36,4 129. 6 0.0 "26&‘:
4 +10 10 30 20 10 45 |180 | ¢ |bouncing, aero 225 30 0.1 0 0.0999 | 35.5 120.7 0,0 250
5 -10 10 30 z0 10 45 (180 | @ |bouncing, acro 225 30 1 V] 0.0999 30,0 103.4 0.0 163
6 +15 10 30 20 10 48 180 | ©¢ |bouncing, acro 225 30 0.1 0 0.0999 34,1 E14.3 0.0 232
K ~15 10 30 20 10 45 180 "] bouneng, aczru 225 30 4,1 0 0. 0999 28.7 96.1 0.0 153
8 0 1o 60 0 0 0 90 | 0 ftruck, acro 250 70 0.0284| 0,0284 | o 288, 2 196. 0 2.9 948
) 9 131.2 0 0 0 0 90 0 Jaere S&C 240 60 0.02841 0.0284 | O 149. 3 168,17 1.3 429
1¢ ] 131.2 0 0 o] Q 90 0 Jaero S&C 190 50 0.0284| 0.0284 0 132, 0 73.5 0.0 51
11 Q 131.2 0 0 0 0 3DOF 0 |aero S&C 225 30 0.1 0.0999 | 0 131.2 146. 3 0,8 334
12 0 j131.2 0 0 o 0 | 90| 0o |aeroS&C 225 30 jot 0.0999 | © 131. 2 108, 3 0,0 148 ‘
Note: The 1124-1b weight 18 used by Sirmu and Cordes who took it from (NUREG-75/087).

The 1495-1b werght was common in the laterature at the tame runs 1-7 were made
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Table 4-3, 12-inch pipe, 15 ft x 1.06 f£ O. D., 743 lbs, super critical Re
Angular ) 2 Height @

Run €6 ?‘oﬂ“t He{:tgm Vn'l;::;;y "o Vclt:;;tg' Yo Velc;‘c;g “ Pl;r:gh g:;’ gz:;l Injection Mode vmaxmph utcmph ¥ mile xtcomﬂe thomlle nf‘:x Spct;ﬁsmax ma“ftspccd Rafr::gc
1 0 [} 0 0 1] 45 1180 0 |aere, -pllc 225 ag 0.1 0 0. 0999 6.4 54,9 9 29
2 0 20 . ) [¥] a 45 | 180 0 acre, pile 2256 0 0.1 0 | 0.0999 20.9 82.2 Q 58
3 0 40 1} [1] 1] 45 | 180 0 aere, pile 225 30 0.1 ] 0, 0999 41.1 106, 2 0 89
4 0 190 ¢ Q 0 45 [ 180 0 |aere, pile 225 30 0.1 ] 0.0999 |101.6 135,6 0 201
L] 4] [} ] 0 -10 45 | 180 0 faero, pile 225 30 0.1 0 0, 0999 6.1 47.5 0 20
& 0 20 [¢] 0 ~10 45 | 180 0 |aere, pile 2256 a0 0.1 ‘0 0. 0999 20,3 73.9 0 43
T 0 100 0 0 -10 45 1180 Q aero, pile 225 30 0.1 1] 0.0999 |E00.5 128. 7 0 160
8 0 6 [ 40 0 45 | 180 0 |aere, bouncing 225 a0 0.1 0 0. 0999 62. 7 134,6 0 281
9 0 20 ] 40 0 45 | 180 0 aere, bouncing 225 30 0.1 o 0,0999 86.0 113, 4 0 321

10 0 100 0 40 0 45 | 180 0 {aero, bouncing 225 30 0.1 0 0, 0999 |166.9 175.:? 0 477
11 0 100 40 0 -10 45 [180 0 |aere, bouncing 225 30 0.1 u] 0.09%999 {100.0 157, 5 0 269
12 ] 1co 40 1] -10 45 90 0 {aere, rolling 225 30 0.1 ] . 0.0999 |100.0 157. 4 0 263
13 10 100 40 Z0 -10 45 {180 0 |[aere, bouncing 225 30 0.1 0 0.0999 [118.2 157, 6 0 365
14 0 280 ] 0 0 45 1180 0 aeroc, pite 225 50 0.1 ] 40, 0999 Bz.5 139,38 0 186
15 0 60 0 1] 0 45 | 180 0 |aere, pile 225 50 <0, 1 ] +0. 0999 62.2 131, 6 0 141
16 L] 30 ] 0 9 45 | 180 0 |aere, pile 225 50 0.1 ] ‘| +0. 0999 31.8 106, 5 9 84
17 0 60 ] 0 =10 45 180 0 aere, pile 225 50 0.1 , 0 +0, 0999 60.8 124. 0 0 108
18 ] 80 0 0 -10 45 (180 0 |aerae, pile 225 50 0.1 0 +0. 0999 80.9 132, 8 0 144
19 0 40 o] o -10 45 | 180 0 |aero, pile 225 50 0.1 ] +0. 0959 | 40.7 107, 1 9 77
20 b 30 0 0 -10 45 | 180 0 aere, pile 225 50 0.1 0 +0. 0999 30,7 95. 0 ] 63
21 ] 32 0 Q 0 45 | 180 Q aere, pile 225 50 0,1 Q +0. 0999 33.9 180. 8 bl 88
22 o 35 0 1] ] 45 | 180 0 aeroc, pile 225 50 0.1 0 +0. 0999 36,9 112, 3 o 93
23 ] 60 0 o «10 45 | 180 0 aero, pile 225 3o 0.1 0 +0. 0999 60, 4 113.8 9 95
24 o 80 0 0 -19 45 | 180 ] aero, pile 225 30 0.1 0 +0. 0999 80,5 123.5 9 126
25 G 40 0 0 -19 45 | 180 0 nere, pile 225 20 0.1 0 +0. 0999 40,4 9.0 9 69
26 [H 30 0 0 =10 45 | 180 0 aere, pile 228 30 0,1 0 +0. 0999 30.3 56 Q 86
27 0 60 1] 0 ] 45 [180 0 acro, pile 225 30 0.1 0 +0, 0999 61,3 121 Q 122
28 4 80 4] 0 Q 45 | 180 ] acro, pile 225 30 0,1 0 +0. 0999 81,5 129. 6 o 159
29 o 30 0 0 Q 45 | 180 0 {aero, pile 225 30 ‘ 0.1 ] +0.0999% 31,0 5.2 ] T4
30 o 33 1] ] ] 45 180 0 acro, pile 225 30 0.1 D] +0. 0959 34,0 ge. 8 ] 18
31 ] 35 0 0 0 45 {180 0 aero, pile 225 30 0.1 o 40. 0959 36,0 101. 1 ] 81
32 ¢} ] 0 Q ) 45 180 o aero, pile 225 30 0.1 0 Q 6.4 54.8 0 29
33 0 131.2 0 0 ] 0 90 0 |aero S&C 290 70 0.0284| 0.0284 ] 136. 6 118.2 4] 156
34 [ 131.2 o 9 0 0 90 L] aero S&G 240 60 0.0284| 0.0284 ] 131.2 80.2 0 66
35 o 131.2 ] 0 3 o a0 4 aexo S&LGC 190 50 0.0284| 0.0284 0 131.2 78.2 4] 38
36 o 131. 2 ] 0 0 3DOF aero S.C 225 30 0,1 0 0,0999 |131 2 123 8 0 217
37 0 131.2 0 0 0 4] | ac I 0 |acro S&C 225 30 0. 0 0.0999 |131 2 97.4 0 81
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Table 4-4,

6-inch pipe, 15 ft x 0,521 £t O, D, , 285 1b, super critical Re

CG Offset .
% i i Ang‘u.lar s z

Run T;I‘e‘:ttgt}h He;tght VELI?:]:;Y %o Vell::‘;%’ v Vcloiiatng ° PDlicgh gz‘g %2;1 Injection Mode maxmph utcmph rlmﬂe e thmﬂe n?tax Spm;gsmax Ra&ge

1 0 100 490 0 =15 45 | 180 0 | aero, bouncing 225 30 0.1 ] 0,0999|100,6 173, 6 432

2 o =15 0 90 | 0 |aero, rolling 225 30 0.1 0 0, 0999 [ 100 187, 0 393

3 10 100 40 20 -15 45 180 0 | aero, bouncing 225 30 0.1 0 0, 0999|130, 6 170, 6 505

4 -10 100 40 20 -15 45 | 180 0 aero, bouncing 225 30 0.1 0 0.0999|118,7 163, 4 397 '

5 15 100 40 20 -15 45 (180 | 0 |aero, bouncing 225 30 0.1 1] 0.0999]128.5 162, 2 479 ’

3 -15 100 40 20 -15 45 180 o] aero, bouncing 225 30 0.1 0 0,0999(117.4 159, 6 363

7 0 131.2 0 o] [} 1} 90 0 aere S&C 290 70 0.0284| 0.0284) 0O 143.5 120.2 135

8 0 131.2 0 ¢ 0 0 90 0 aero S&C 240 60 0.0284] 0,0284| 0O 134.5 86.3 T2

9 0 131, 2 0 4] o 0 90 ¢ |aero S&C 150 50 0.0284 | 0.0284{ O 131.2 4.6 bz
10 0 131, 2 V] v Q 3DOF aero S&C 225 30 0.1 0 0,0999 |131, 2 136, 8 282
11 0 |13l.2 0 0 0 0 | 90| 0 | aeroS&G 225 30 |61 0 0.0999|13L. 2 29.7 114
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Table 4-5,

Reinforcement Rod, 3 ft x 0, 0833 ft O, D., 8 1b, subcritical Re

CG Offset
% Angular 2 Height @

Run i:rcc:ltgtlh He;tght Vel‘f:':;{:\y "o Vemr;;g o Veloi;tg’m F!’Dl::gh gz: 11;2;1 Injection Mode "rm:u:"'np]-l utcmph rlmﬂc xtcomﬂc y'l:t:r.orm‘l"" T:x Sper'};smnx mm‘ftspced Rafr;gc
1 o 100 40 [} -30 45 | 180 | 0 |bouncing, acro 225 30 0.1 0 0.099¢ |100,3 182.3 il 314
2 0 100 40 0 =30 9 g0 0 rolling, aero 225 30 [ ] ) 0.099¢ | 100.0 228. 4 0.2 497
4 1] 45 1] 0 =30 [+ 90 0 | rolling, acro 225 30 0,1 L1} 0.0999 | 45,0 158.0 0. 4 206
5 +10 45 1] 0 -30 0 90 | 0 [rolling, aerec 225 30 0.1 |0 0.0999 | 45.0 128.5 0 138
6 -10 45 4] 30 Q 96 0 I|rolling, aerc 225 30 Q.1 0 0. 0999 45,0 131.7 0 176
7 [+] 10 40 Q [} Q 90 0 |[rolling, aero 225 30 ot 0 0.0999 10.0 116.9 0 T0
8 +15 45 o] 0 =30 ¢ 40 0 | rolling, acro 225 30 [N ] Q 0.099%¢ | 45.0 122.3 4] 122
2 =15 45 4] 40 =30 0 90 | 0 [rolling, acro 225 30 0.1 0 0,09%9 | 45.0 112,3 o 122

10 1] 131.2 1] 0 [ 0 90 ‘0 aexro S&C 290 70 0.0284) 0,0284 | 0 164.9 187.0 0 571
il ¢ 131.2 0 o] 0 0 20 ‘0 aero SkC 240 60 0.0284( 0.0284 ¢ 135.7 149,3 ] 171
12 0 131.2 0 0 0 0 90 0 [aero S&C 190 5[? 0.0284( 0.0284 O 131.2 68,0 0 65
13 0 131.2 0 [+ 0 3iDor aaro S&C 228 30 0.1 0 0.0999 (131.2 131, 7 Li] 255
14 0 |131.2 0 0 0 0 E1) 0 | acro S&C 225 30 01 i 0,09%9 |13I1.2 107,5 i 113
'
28
38
S =
3R
ex




initial orientation (worst case) not req_uired by the 3 DOF of Simiu and

Cordes. Table 4-1 shows the direct comparisons in terms of maximum hori-
zontal velocity. The difference is greatest for the wea.k;zr tornadoes. An
interesting exception to the general rule is the 1 in. dia. steel rod where
identical results were obtained for the Region I and II tornadoes. In both bodies
of work this configuration was considered to fly at subcritical Reynolds number.
All other cylindrical configurations were considered to be in the super-critical

regime throughout their trajectories by both groups.

a. Utility Pole

Utility pole trajectories are tabulated in Table 4-2. The bouncing/
aerodynamic cases have the 'greatest range (268 ft) and velocity (130 fps).
Although the crane cases, runs 1 and 2, have .the greatest initial he:ight and the
truck case, runs 3-7 have the greatest initial horizontal velocity‘, a combination
of initial horizontal and vertical velocity seems to be most effective in producing
speed and range. In all cases examined, the effect of offsetting the center-of-
gravity of the pole by adding weight at one end is to reduce the speed and range.
Orientation is seen to be important for the same shift in c.g..

b. 12-inch Pipe

Twelve inch schedule 40 pipe trajectories are collecteq‘i}: Table4-3
for the initial conditions postulated in Part A of this section, Three types of
aerodynamic injection mechanisms are represented: 1) injection from a pile,
2) bouncing injection, and 3) rolling injection. The greatest ranges and speeds
were attained by bouncing cases injected from a 100 ft structure. Initial angu-
lar velocity, which was evaluated in a number of cases appears to reduce both

impact speed and range,
¢, 6-inch Pipe
Six~inch pipe trajectories are summarized in Table 4-4, The six-
inch pipe generally flies farther and faster than the.12-in. pipe, as has been

stated above, but since the 1Z2-in. pipe is more than tw{ge as heaf'.fy,,"it has a

much larger terminal momentum for the same impact speed. . The.bouncing/
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aerodynamic injection cases are interesting because of the large difference in
the range of the 10 percent offset initial conditions for opposite orientation

although the speed is only slightly affected.
d. Reinforcement Rod

Reinforcing rod trajectories are summarized in Table 4-5. The
speeds and ranges are generally less for the reinforcing rod than for the 6-in.
pipe (the other small cylindrical missile) for the same wind field and initial
conditions, Because of the sm;all diarr;eter of the bar, subcritical Reynoeolds
number aerodynamic coefficients were used in these computations making the
difference smaller than it would have been if both missiles had the same Rey-
nolds number range. Note that.as in other missiles considered above the ini-
tial orientation of an asymmetric missile has an important effect on its speed

and range.

2. Plank

Plank trajectories are summarized in Table 4-6 where the dimensions
and weight are given. The computations for the plank missle are unique because
the plank is the only noncylindrical shape for which a complete set of aerodynamic
coefficients is available at roll angles of 300 and 60o as well as 0° and 900. This
is important because some of the coefficients peak at intermediate values of roil

angle.

Trajectories for the plank exhibif the longest ranges and highest velocities
of any of the trajectories considered. Examination of the complete output (not
given in this report) for run 3 which shows the longest range (818 ft) shows higher
angular velocities about the long axis (about 4 revolutions per second) during
most of the trajectory. Autoroctational effects are a function of this angular
velocity but were not considered in this run. The speed also oscillates during most
of the time of the trajectories, This missile was considered because it was in-
cluded in the NRC 1list, however, the speed and range are probably academic

because the wooden missile can be expected to disintegrate into splinters on impact.
3. Automobile

Because of the attention drawn to the automobile as a potential critical
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Table 4-6. Plank, 12ft x 1 ft x 0. 333 £t, 200 Ib (runs 13-17 115 1b)
CG Offsct
% . Anpgular z .

Run I:re:t;:-h H:ltggl * Ve:;;ty Yo Vel{:::l? o Velo:;tryrvlm © PS::‘:;h g:g %2};1 Injection Mode v'maxmr" h T h rlrmle xt::omi‘lc thmﬂe r?ta.x Spc:i_;smax n?:;g:l ;e@ed Rafr'\:ge
1 0 L] 40 4 -15 45 180 0 [ bouncing, aere 225 30 0.1 0 0. 0999 | 102.9 243.3 4.3 642
2 o] 100 40 0 -15 45 |180 | 60 [bouncing, aero 225 30 0.1 0 0.099% |101.9 224.3 2.0 486
3 g 100 40 0 =15 45 | 180 90 | boune¢ing, aero 225 30 0.1 1] 0.099% |102.5 232.7 66,4 318
4 0 100 0 1} 0 45 (180 0 |aere 225 30 0.1 [ 0,099% |106.4 208.0 10,5 573
5 0 100 0 Q 9 45 (180 60 {acro 225 3¢ 0.1 0 0.0999 |104.8 215. 4 1.2 408
6 [ 100 0 [+] ¢ 45 |180 90 |aere 225 30 ¢.1 0 0.0999 |104.% 237.2 7.0 678
T 0 100 ¥} -15 45 |180 ¢ |aero 225 30 0.1 0 0.0999 [102.0 Z15.2 2.5 550
8 0 100 [+] =15 45 1180 60 |aecro 225 30 0.1 0 0.0999 | 103.3 215,3 12. 8 447
9 D 100 o o ~15 45 |180 | 9% |acro 225 30 0.1 0 0.099% |129.9 259.7 I18.2 1175

10 ~30 100 [+] 0 =15 45 180 O jaero 225 30 0.1 ] ©.099% |102.5 162.3 0 ’ 279
I1 ~30 100 0 0 =15 45 | 180 60 |aero 225 30 0.1 L) 0. 0999 |104.9 192, 5 1.8 447
12 -30 100 0 0 -15 45 (180 | 90 jaero 225 3o 0.1 0 0.0999 |1o01,1 172.7 0.3 462
13 0 131,2 0 0 0 0 90 | 90 |aero SKC 290 70 0,0284| 0.0284 | © 504.5 227.1 301.3 1800
14 0 131.2 0 o 0 0 90 90 |aero S&C 240 60 0.0284| 0.0284 [+] 361.7 167.0 327 1142
15 0 131.2 0 0 o] [+] 90 | 90 |[acro S&C 190 50 0.0284| 0.0284 0 232.9 170.2 218 651
16 0 131. 2 Q 0 ADOF S&C 3DOF 225 30 0.1 ¥ 0,0999 | 138.4 228.3 135, 2 985
17 o [131,2 0 0 ] 0 | 90| 90|S&C 6DOF 225 3¢ |01 0 0.0999 |13L.2| 187.5 0.6 532

Note: The 115 1b weight 18 used by Simiu and Cordes who took it from (NUREG-75/087).
The 200 1b weaght was common m the literature at the time runs 1-12 were made.




missile configuration in Simiu and Cordes, 1976, special consideration has
been given to the configuration., In the current work the availability of experimental
measurements and the use of an improved wind field model together make

possible more realistic trajectory computations.

The capability of the trajectory program to handle non-cylindrical bodies
is illustrated by the following computation of the trajectory of a compact car.
' The trajectory program treats objects which have three perpendicular planes
of symnmetry. In reality, the car has only one plane of symmetry, but since
the wind tunnel data are available in only one octant of the unit sphere, sym-
metry has been specified to approximate the unavailable data. In order to
enforce the symmetry, the wind tunnel data had to be modified on the boundar-
ies of symmetry., For example, CL was made to pass through zerc at zero pitch
angle so that positive pitch angle data could be mapped into negative pitch angles.

The pitching moment was also set zero at zero pitch for the same reason.

Aerodynamic coefficients tabulated for the car in Appendix C are refer-
enced to the three sting {mount) orientations, These were mapped into one
consistent coordinate system for use in the computer program and transformed
to a set of axes through the centroid of the volume. The orientations are speci-
fied relative to the wind vector by a pitch angle « followed by a roll angle ¢.
The transformed modified coefficients are given in Table 4-7. The moments
and products of inertia of the car were estimated by assuming it to be made up
of seven pieces: chassis and wheels, two sides, top, engine and transmission,
gas tank, and differential. The properties of these components are given in
Table 4-8 and the resulting inertia ma.tri-x in the Table 4-9. The center of
gravity is 0.2 ft in front of the centroid of the volume and 0. 9 ft below. Note

from Table 4-9 that there are nonzero products of inertia terms,

As discussed in Section III, full-scale car aerodynamic data were obtained,
but only for a sweep on yaw angle. Therefore, the pitch angle sweep data had
to be supplied from the subscale wind tunnel tests. The lift coefficient displayed
the greatest difference between the full scale and model data. ‘However, the 1ift
coefficient in the 'yvaw sweep data is not used in the computer program due to
the symmetry requirements enforced by mapping aerodynamic data from one
octant of the unit sphere onto the whole sphere. The neglected lift force is per-
pendicular to the plane formed by the wind vector and the car longitudinal axis

and would not increase the tumbling rate,
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Table 4-7,

Transformed Aerodynamic Coefficients for Car from Subscale Data

$ (deg) = 0 Ch o Ci c, C, C..
@ (deg)
0. 0.4970 0.0000 0. 0000 0. 0000 0. 0000 0.0000
5. 0.5400 0. 1840 0.1109
10, 0. 6900 0.5670 0.1983
15, 0. 8830 1.0160 0. 2646
20. 1.1690 1.4120 0.3473
25. 1.4700 1.7630 0.4096
30. 1.8300 1.9960 0.4369
35, 2.2640 2.1760 0.5682
.40, 2.6410 2.3500 0.5103
45, 3. 0300 2.4510 0.5497
50. 3.3180 2.,4340 0.5562
55, 3.6150 2.3450 0.5649
60, 3.6040 2.2100 0.5768
65, 3. 9450 2.0280 0.5357
70. 4,5420 1. 9980 0.4666
75. 4, 8840 1. 8950 0.4732
80.- 5.0220 1.3600 0.3954
85, 5.0400 ! 0.7630 i 0.2750 '
90, 5.0500 0.0000 0. 0000 0. 0000 0. 0000 0. 0000
$ (deg) = 90 Ch Cq Cr. C, C, C__
o (deg)
0. 0.4970 0.0000 0.0000 0.0000 0. 0000 0. 0000
5. 0.5220 0. 1600 0.0010
10. 0. 6300 0.2940 0.0300
15. 0.7500 0.4550 0.0734
20, 0.9100 0. 5800 0. 1041
25. 1.0830 0.6820 0.1274
30. 1.2100 0.7650 0.1291
35, 1. 3800 0.8480 0.1326
40, 1.5700 0. 9780 0.1384
45, 1.9190 1.2090 0.1861
50. 2.2360 1.3340 0.2044
55, 2.3530 1.3600 0.2595
60. 2.3700 1.2790 0.2797
65, 2. 3800 1.1660 0.2811
70. 2.3700 1. 0340 0.2624
75. 2.3600 0.8750 0.2339
80. 2.3500 0. 6880 0.1986
85, 2.3400 1 0.4880 | 0.1558 |
90, 2.3300 0.0000 0. 0000 0.0000 0. 0000 0. 0000
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Table 4-8. Inertial Properties of Car Components
Comp. I about own CG
Part , Weicht Location | Comp. CG Lo 2 Y. 2 Ilzzl 2

| Component Name 88 X y z b __-ft b -ft~ | tb__ -ft

No. 1b- m m I Tm

. ft it ft

I Chassis; and Wheels 1130. -0.8 0.0 -1.5 2355, 24116, 26470,
2 Side 870. 0.0 2.9 -1:0 609. 19160. 18550.
3 | Side 870. 0.0 -2.9 -1.0 609. 19160. . | 18550,
4’ Top 348. 0.0 0.0 1.1 464, 725, 1188.
5 Engine and Trans, 522. 5.7 0.0 -0.7 0. 0. - 0.
6" | Gas Tank and Diff 261. ~4.8 0.0 -1.5 0. 0. 0.

Table 4-9. Inertia matrix lbm—.ft

2

24293,

=1099.

02224,

—10990
0.

103225.,




The flight parameter, (CDA/W}, which is also occasionally called the
inverse ballistic coefficient, is the most important of the missile configuration
parameters used as inputs in the trajectory program. In the 6-DOF trajec-
tories which make up most of the cases presented in this report, the flight
parameter is a function of time since the drag and the effective area change
with the attitude of the missile relative to the wind as it tumbles during its
flight. In the 3-DOF approximation, the flight parameter remains constant
during the entire trajectory, The literature is replete with empirical methods
of either averaging the drag coefficient to obtain a ""random fumbling coefficient"
as discussed in Section III of this report or of obtaining some average area for

use with a drag coefficient based on flow normal to a surface,

In this report two independent methods, both based on experimental
results, have been used to obtain values of the flight parameter for use in
comparison with equivalent 6-DOF trajectories and to compare with other
3-DOF trajectory results in the literature such as those in Simiu and Cordes,
1976. In the first method, the value obtained for CDA from analysis of motion
pictures made during the drop tests on a tumbling automobile model as described
in Section Il is used directly, In the second, the drag coefficient values of a
6-DOF trajectory were averaged over the time of flight. These values
result from tables of experimentally obtained static coefficients that have been
an input to the 6-DOF trajectory program. They are functions of the mis-
sile attitude as described in Section III. The reference area used with this
averaged drag coefficient is the frontal cross-section area of an actual automo-
bile having the proportions of the wind tunnel model from which the drag coef-
ficients were obtained, Table 4-10 shows the values of the flight parameter
obtained from the two methods just desc-ribed along with equivalent values from
Simiu and Cordes 1976, Iotta 1974, and Beech and Hobbs 1975, Note that the
two independent experimental methods used in this report are in good agree-
ment with each other and result in values which are less than half of that given
for the flight parameter by Simiu and Cordes. (A smaller value of the flight
parameter results in a shorter trajectory. ) Th'e réason for this discrepancy
is two-fold., Measured values of drag coefficient and area are used in this
report. Simiu and Cordes used a very high drag coefficient of 2, 0 and additionally

assumed that this CD acted on the average of the rectangular areas defined by
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Table 4-10, Comparison of Flight Parameter (CDA/W) for autormobiles

C AW . . :
Height| Width{ Length; Weight
Source f:il;%/lb it £t it b Remarks
Sub-scale 0.012 4.5 5.8 16.9 | 4000 | Avg. Cp from 6-D. 0O, F,
data trajectory 2

Actual A = 21,7 {ft
Full-scale [0.015 4.5 5.8 16.9 | 4000 | Avg. Cp from 6-D.O. F,
data trajectory >

Actual A = 20 {t

Drop tests |{0.015 4.5 5,8 16.9 1 4000 Cp# from drop tests

Simiu and 0, 0343 4,3 6.6 16.4 4000 | Max C , Max A
D
Cordes

lotta 0.018 4,0 7.0 17.0| 4000 | Equation from Bates and
Swanson, 1967

Beech and 0,0099 4,0 5,0 15,0 | 4000 | Average of CDA on all
Hobbs surfaces

the overall dimensions of the vehicle rathe1r than on actual vehicle areas. This
leads to a maximum value for CDA /W which we believe to be less realistic than
the results obtained in this report. The values.from Iotta and Beech and Hobbs
are included as examples of other empirical values in the literature. The equa-
tions used in these references are somewhat similar to that used by Simiu and
Cordes but the assumptions for CD are less conservative, i.e., smaller. The
car dimensions used are also included in the table. Although not identical they
are guite sirﬁilar and have little efiect on the. relative magnitudes of the flight
parameter except in the case of Beech and Hobbs where an increase in the
dimensions would serve to- move the value into closer agreement with this
report. The dimensions used in this report are those of a real American auto-

mobile and are consistent with the weight of 4, 000 1bs.

Three series of automobile trajectory runs were conducted. As indicated
in Table 4-11%, the first series, runs 1 through 9 and 26 through 28, used the

same initial conditions as in Simiua and Cordes and the same tornado parameters

F*Overall dimensions and weight are given in the table header.
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Table 4-11. Automobile, 16.7 ft x 5. 21 ft x 3. 58 ft, 4000 1b

Initwl Conditions Tornado Final Conditions (uf dﬁfexltduﬂn):l?;gm final)
Run] Missile ] 2(0) £ [#(0) [v(0) § Yaw ] Roll CphlW Viax | “te | 'l o | Y t R | Speed v’-Y Vo |Zman | Bmax] Smox va max
mph | mph | deg | deg ftz’/lb mph | mph | ft. it, ft. see fy | ft/sec |it/sec|itfsec 1. {t. ft/see| fi/sec
t caR J131,22 ] o- | @ | 90 ¢ ].- 290 | 70 |150 |-149.4 0 6,3 | 213 [137.0 |106.1 ) 86.6 |147.8 - - -
2z CAR 131,23 | o 0 | 90 ¢ - 240 | &0 [150 |-149.4 0 5.2 62 | 101.8 | 66 9| 76.7 [.37.7] 63 - -
3 CAR |131.23 | © 0 | 90 0 0 190 | 56 [150 [-149.4 0 4,1 59 | 79.2 | 19.1 | 76.8 |131.8 - - 22.2
4 caR (131,235 0 o 3DOF  [0.0131] 290 | 70 [150 |-149.4 o 5.2 55 [1t0,0 | 77.6 | 78.1 {132.2| 80 - -
5 car {23 | o o § 3por Jo.0119] 240 | 60 }180 |-149.4 o 1.2 51 | 79.9 | 37.4| 70,6 |131.2| 72 - -
6 CAR 131,23 ] © 0 3por Jo.0123) 190 | 50 ]150 |.149.4 0 3.6 69 | 76,6} 7.0] 70 6 l131.2] 26 - -
7 CAR {131.23 | © 0 3DOF  [0.0343] 290 | 70 {150 [-149.4 0 8.0 | 335 [142,9 |105.7 | 96.2 [242.6 - - 105.8
8 CAR |13L.23 | © 0 3 DOF |0.0343| 240 | 60 [150 [-149.4 ] 7.2 | 197 [123.5 | 87.0| 87.6 §187.4 - - 87.2
9 CAR [131.23 | © o 3DOF |0.0343F 190 | 50 |150 §-149.4 0 6.0 86 |100.1 | 66.8| 724 5 [134.2] 124 - 06,9
10 CAR 3, 0 0 0 0 - 225 | 30 |[s28 [-527,5 0 0,44 30 17.6 (12| 13.8 3.0 - - -
11 CAR 3. 0 0,] o ¢ - 225 | 50 |528 |-527.5 0 0, 44 3] 16.9] 9.9 13.% 3.0 - - -
12 CAR 3, 0 0 0 0 - 225 | 70 |528 |-527.3 0 0.44 3| 6.3 ] 8.9 13.6 3.0 - - -
13 CAR 3. 0 0 0o |0 - 225 | 30 |[s28 0 -527.5( 0.44 2] 6.1 | 8.6]13.6 3.0 - - -
14 CAR 1, o o'l o 0 - 225 | 30 1528 |+527.5 0 0.44 | ,4 | 19,91 14.5 | 13.8 3.0 - - -
15 CAR 3, 0 0 0 0 - 225 | 30 |[s28 0 -527,5| 0.44 2| 16,9 10.0] 136 3.0 - - -
16 CAR 3, a ¢ |90 | 90 - 225 | 30 528 [-527.% 0 0.44 3| 18,0 | 11.8 [ 13.5 3.9 - - -
17 CAR 3. 0 o |90 | 90 - 225 70 [528 [-527 5 0 0,44 1| 14.9 | 6.3] 13.5 3.0 - - -
18 CAR 3, 0 0 3DOF  |0,0100| 225 | 30 {s28 |-527.5 0 0. +4 2| 16,3} a.8| 13.7 3.0 - - -
19 CAR 3, o | o 3DOF |0,0066| 225 | 70 [s528 [-527 & [\ 0,43 1§ 14.6 ] 4.8} 13.8 3,0 - - -
20 CAR 3, 30 0 0 0 - 225 | 30 |s528 |-527.5 0 0, 44 19 | 46,0 43.9 | 12.5 3.0 . - - 44,1
21 CAR 3 30 0 0 0 - 225 | 70 [528 |-527.5 0 0.44 19 | 46.6 | 44.6 | 13.4 3.0 - - 44,9
22 CAR 3, 60 0 0 ] - 225 | 30 |s528 [-527.5 0 0,44 | 38 | 86.6 ] 85.5][ 13.5 3.0 - Y1880 880
23 CAR i, . | 60 0 0 0 - 225 | 70 [s528 |-527.5 0 0.44 38 | 87.8 | 86.8) 13.5 3.0 - | 88 af.88.0
24 Car 131,23 | o 0 ipor {0,0343( 225 | 30 t528 [-527.5 0 4,0 | 443 [161,5 |147.5 | 65.6 ;1312 - - 149, 4
25 CAR |131,23 ] o0 o | oc 0 - 225 | 30 |528 |-527.5 0 3.6 160 | 111,0 | 74,1 { 82 7 j13L.2 - - 7403
26 CAR |[131.23 | 0 o 0 - 425 | 103 [150 l-149.0 o 6.0 96 | 119.2 | 78,9 | 8%.3 1143.1 - - -
27 | GAR |131.23 | ¢ 0 o 0 . 352 | 88 {150 |-149.0 ° 5,0 26 | 90.0 | 49,8 750 [131,2} 84.2 - -
28 CAR [131.23 | o 0 o o | - 279 73 | 150 |-149.0 0 4,1 78 | 69.4 | 13.4 681 |131,2] 80.8 - 32,1
29 CAR* [131.23 | ¢ ¢ o 0 - 425 | 103 |150 [-149.0 b 6,1 176 1130.4 | 97.8 | 86.2 | 147.2 - - -
30 Carx [131.23 | o 0 0 0 - 352 | 88 | 150 |-149.0 o | s s6 | 99.4 |e3.8 | 76.2 | 137.5] 63.9 - -
31 CaR¥ 1131.23 ¢ 0 0 0 - 79 73 | 150 |-149.0 0 4,1 59 | 77.9 | 17.5 ] 75.9 | 137 - - 22.0
32 CARx 131,23 0 0 0 ¢ - 425 [ 103 | 150 | -149.0 [ 5,0 76 | 113,0 | 71,9 | 87,2 | 140,5] 86.8 - -
33 caR* 131,23 0 0 0 0 R 352 88 | 150 | -149.0 ¢ 5.0 31 | 86,8 1451 | 741 | 131.2| 83,3 - -
24 cars (131,23 0 o o 0 - 279 73 [ 150 | -149.0 o | 4,0 78 | 70.4 | 9.6} 65.8 | 13k.2] 79.9] - 1.6
35 Garx |131.23 | ¢ 0 0 0 - 225 | 44 |528 [ -527.5 0 3.6 | 1aa [106.7 | 6.8 83,2 | 131.2 - - -
16 CAR® |131.23 0 0 0 0 - 225 44 528 | -527.5 0 3,3 | 168 |111,7 1 81,0 76.9 | 131.2 - - 81,2
37 CaR 131,22 0 o ] 0 - 225 44 | 528 | -527.5 0 3.4 | 178 [114.1 | 84,0 | 77.2 ] 131.2 - - -

*Full seate aerodynamic data complemented with sub.scale data,



(i. e. , maximum tangential velocity, eye radius, and storm center speed)
although the wind fields still differed becauge the tornado models were different.
In the second series, runs 10 through 23 and 37, the JPL tornadc parameters
were used to study sensitivity of trajectory parameters to variations in some

of the initial conditions., The initial orientation of the car was specified as

wheels down, car long axis perpendicular to the direction of storm center travel

(¢' =90).

Runs 26, 27, and 28 were made with the long axis of the car parallel to
the direction of the storm center travel (tb': 0 deg}). The runs with Lp‘ = 90 deg
resulted in somewhat larger maximum horizontal velocities for the stronger tor-
nados (Regions I and II), and runs with 4’! = 0 resulted in larger horiz’ontal velo-
city for the region III tornado and the JPL tornado. In order to have a consistent
set, L]Jr = 90-deg runs were used in Table 4-1. The initial orientation condition
does not exist in the 3 DOF trajectory of Simiu and Cordes but is required
for the 6 DOF representation of this report, In the third series, runs 29-36,
full-scale car data (complemented with subscale data) were used for comparison
with 6 DOF runs made with subscale wind tunnel data. Results for both
initial orientations, np', are shown (411 = 0° parallel to storm center direction
Lp' = 90° perpendicular to storm center direction). The full-scale results are
close to the subscale results for both orientations and for all the sets of tornado

parameters; maximum difference is 15 percent.

The small difference between the trajectories based on aerodynamic data
for the model and the full-scale car, which were similar in general configuration,
but different in detail, leads to the conclusion that the model datd should be
adequate for any standard passenger car shape. Part of this effect was probably

caused by the symmetry assumptions required by the incomplete data set.

An important difference between the 6 DOF trajectories in this report
and 3 DOF trajectories is Simiu and Cordes is that in the 6 DOF case the
flight parameter varies with the migsile attitude; it is therefore a function of
time and cannot be specified‘;‘as a constant as in a 3 DOF¥ program. Another
significant point of difference between the two bodies of work is that the aero-
dynamic inputs'_usv?d in the trajectory calculations of this report are based on

experimental wihdﬁt;‘g;mél results as described in Section L
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In the case of the automobile configuration this leads to considerably lower
values of aerodynamic resistance (and therefore of the flight paraméter) than
the conservative approximate values of both drag coefficient and area used by
Simiu and Cordes. This subject is discussed in greater detail elsewhere in
this section. The comparative results, as presented in Table 4-12, show that for
similar initial conditions the results from this report (Runs 1, 2, and 3) indicate
maximum horizontal velocities which are 54%, 38% and 15% of those obtained by

Simiu and Cordes for the Regions I, II and III design tornadoes, respectively.

Runs 32, 33, and 34, are included in Table 4-11 to reiterate the .small

difference between results with subscale and full-scale aerodynamic coefficients,

Runs 4, 5 and 6 of Table 4-11 are a 3-DOF version of runs 1, 2 and 3
respectively using the method of time averaging the drag coeff1c1ents over the
6-DOF trajectory as described elsewhere in this section. The results, as
shown in Table 4-12, are even lower than for the 6-DOF runs, No’ce that
JPL values for the flight parameter as given in Table 4-10 average out to 36%
of the value of 0, 0343 used by Simiu and Cordes. These runs are the most
direct comparison between the two sets of results; however, the 6-DOF
results of runs 1,2 and 3 are believed to be the more accurate than the
3-DOF version.

Table 4-12. Comparison of maximum horizontal velocities, V (m/s), of
an automobile under matching initial conditions between Simiu aKd Cordes
results and those of this report. Initial height was 131,23 ft (40 m) and
initial velocity was zero.

Regions of
Model Design Tornados Run
. Numberzr
Wind Model | Flight Trajectory I I I
Parameter | Model
5&C S&C S&C 3DOF 59 52 41 -
JPL JPL 6DOF JPL 6 DOF 32 20 7 1,2,3
{Subscale)
JPL JPL 6 DOF | JPL 6DCF 30 19 7 32,33,34
(Full scale)
JPL JPL 3DOF | JPL 3DOF 24 i1 2 4,5,6
JPL S&C JPL 3DOF 32 27 20 7,8,9
S&C JPL 3DOF¥ | S&C 3DOF |° 37 12 5 -
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Runs 7, 8 and 9 are identical to runs 4, 5 and 6 except that the flight
parameter value used by Simiu and Cordes was substituted for the JPL values
used in the earlier runs in order to investigate the sensitivity of horizontal
velocity (ny) to this parameter, The comparison indicates the larger flight
parameter values result in values for Vx that are 1.36, 2.33 and 9. 54 times
the values obtained in runs 4, 5 and 6 for the Region I, II and III design torna-~
does. The effect of the larger flight parameter appears to be much greater
for the weaker tornadoes. Also noteworthy are the effects of the larger flight
parameter on maximum height (Zmax) and range (R). Using the JPL aerodyna-
mic coefficients, the automobile does rise as much as six feet above the height
of origin during the trajectory for the Region I tornado (Table 4‘-11, run 1) but
when the drag coefficient and areas of Simiu and Cordes are used with the JPL
wind field model the effect is to cause the car to rise by more than 111 feet
above the injection point. This causes the range to be increased by 122 feet or

57% over that in run 1.

The final comparison of results shown in Table 4-12 was made to investi-
gate the effect of using the Simiu and Cordes tornado wind field model in place
of the JPL wind field model. This was accomplished by using the flight param-
eter values of runs 4, 5 and 6 together with Figure 3 of Simiu and Cordes which

is a plot of maximum horizontal speed as a function of flight parameter for the

various tornadoes. Comparisons with runs 4, 5 and 6 show that the differences
in the wind field models, rather than the tornado parameters, was important for

both the Type I and Type III tornadoes.

In summary, the detailed comparison of the results from Simiu and
Cordes with the results from this report for the automobile trajectory indicates
that the use of experimentzlly determined aerodynamic coefficients and realis-
tic areas instead of the conservative approximations to both quantities used in
Simiu and Cordes leads to considerably smaller values of maximum horizontal
velocity. The effect is greater for the weaker tornadoes but significant in all

cases,

In a second series with the automobile runs 10 through 23 in Table 4-11,
the sensitivity of the trajectory parameters to variations in some of the initial
conditions are presented., The JPL tornado parameters were used throughout

this series (Vrnax = 225 mph; r, = 528 ft} and the automobile was assumed to be
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at ground level (Z(o) = 3 ft) initially. The following initial conditions and their
ranges were investigated: tornado linear velocity, Utc(o’ 30, 50, 70 mps);
initial position relative to the center of the tornado, Xtc and Y ! (east, west,
north and south 1/2 foot inside the radius of Vmax); vehicle orientation (side

to wind and bottom to wind for 6 D,O. F, and 3 D,O,F. programs; and car
speed (0, 30 and 60 mph with the wind), Because of the fact that the car was
initially on the ground and never lifted off in any of the cases studied, the
variations in the trajectory parameters should not be considered as significant,
{The program terminates when the height of the center of gravity reaches

ground level.) The result that the car never lifted from the ground in any of

the runs is, itself, of considerable significance.

Run number 2 in Table 4-11 was used as the sample run to illustrate the
details of a car trajectory which will be discussed below., The car was injected
into a 260 mph tornado of 150 it radius which was moving East at 60 mph. This
storm, except for its direction which is arbitrary along the positive x-axis, is
the intermediate of the three storms {Region II) studied by Simiu and Cordes
1976 and is closest to the storm used in this report for much of the sensitivity
analysis. The injection point is chosen infinitesimally inside the radius of
maximurmn velocity of the storm (eye) such that the missile is directly in the
path of the storm. Initial elevation is 40 meters (131.23 ft) with zero initial
horizontal and vertical velocity components of the car '"missile". Initial orienta-
tion of the car is with its long axis perpendicular to the direction of the storm

and wheels on the ground.

The trajectory of the car during its 5. 16-second flight is described by
Fig., 4-1 where three components of displacement, range, velocity, Euler
angles, angular velocities, absclute and relative wind velocity components, and
aercdynamic coefficients are shown, From the first part of the figure, the car
can be seen to climb a few feet due to its favorable orientation and high relative
velocity during the first second before it begins to fall. The y-component of
the range first increases then decreases as the relative position of the 'missile"
moves around the center toward the rear of the tornado. Speed has a plateau
between 1 and 3 seconds corresponding to the x and y components of the wind

velocity passing through zero.
Euler angles, yaw, pitch and roll are somewhat difficult to follow because
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the first and last are defined to be in the range +180 degrees and the second to
be in the range +90 degrees, Attitude is more easily understood by simultaneous
reference to angular velocity and Euler angles. Roll velocity, W s oscillates
about a steadily increasing trend whereas the pitch velocity, wy, and the yaw

velocity, w_, oscillate about nearly zero means.

Wind velocity z-component is seen to change discontinuously at about
3.5 seconds corresponding to the missile passing out of the eye of the storm.
Reference to section I shows that the formulas for wind velocity change at
radius rq. The change in wind velocity at r, causes a sharp change in the lift
and moment coefficients, but the sudden change in the drag coefficient is less

noticeable because the coefficient is already changing rapidly.

The drag coefficient {based on frontal area) oscillates over a range from 0.5
to 5. 0 with a period between one and two seconds. ‘Lhe peaks of the oscillations
are very narrow as only a small portion of the total time is spent near the
extremes, There are approxlinately five cycles in the drag coefficient oscil-
lation so that the average value 2, 808 of the coefficient may be expected to be
meaningful, The use of averaged coefficients will be discussed in subsection C.

below,

4, Sensitivity Analysis

In this subsection, the sensitivity of missile trajectories to tornado
parameters, initial conditions, and aerodynamic parameters will be examined,
That is, the effects of variation of individual parameters will be examined with
other parameters held constant, We attempt to understand the relative impoxr-
tance of various factors in influencing missile trajectories and to understand
how we may infer trajectories for séts of parameters which are close to ones
for which we have solutions, To the extent that the dependence on the individual -
parameters is largely decoupled, that is, that the speed, range, etc., are

approximately products of functions of single variables the sensitivities will

have broad utility.

The sensitivity analyses of this section are based primarily on runs assum-
ing a ramp injection mode which are not included in the tables. However, the

magnitude of the sensitivities are believed to be applicable to a wide class of

initial conditions.
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Parameters to be varied for the sensitivity analysis are divided into three
classes: wind field, initial condition, and aerodynamics. The wind field param-
eters are maximum tangential velocity, V, radius of maximum tangential
velocity, Ty, storm center velocity, U and azimuth of storm center from
release point, The initial condition parameters are injection height and
initial rotation rate w o The aerodynamic parameter is the Reynolds number

range (sub-or supercritical),

“The 12-in, diameter, schedule 40, 15-ft long pipe (referred to below as
the 12-in, pipe missile) appears to be the most important of the postulated
missiles from the standpoint of penetration of reinforced concrete walls
(Stephenson, 1976). The sensitivity analysis of a number of parameters used
in determining missile trajectories has been concentrated on this mis-
sile and some data for the 6-in, pipe (15 ft. in length) has been included for

comparison.

The base from which variations are made for sensitivity to tornado

oo = 30 mph, hy = 10 £t, ug =

Wy = 40 mph, \IJO = 90°, by = 0°, The release point is just inside the radius of

parameters is Vma:x = 225 mph, 1, = 0.1 mile, u

maximum tangential velocity at the azimuth from the center where the tangential
velocity and storm center velocity have the maximum vector sum. This would
be due south of an eastward-moving storm or a storm center azimuth of 0°.
‘Aerc;dynamic coefficients for a supercritical Reynold‘s number have been used

for these sensitivity calculations.

The sensitivity of maximum speed and range of the 12-in, and 6-in. pipes
to maximum tangential wind velocity is shown in Figs. 4-2., The speed ranges
from 90 fps at 50 mph to 235 fps at 300 mph with a slope of 0. 64 fps/mph at
Vmax = 225 mph for the 12-in, pipe. Range varies from 233 feet at 50 mph to
630 feet at 300 mph with a slope of 1.8 feet range per mile per hour of tangential
velocity at 225 mph. The speed and range curves for the 6-in, pipe are slightly

above and nearly parallel to those for the 12-in. pipe.
Sensitivity of maximum speed and range to radius of maximum tangential

wind velocity (eye wall radius) is shown in Fig. 4-3 for the same configurations.

Speed ranges from 170 fps at 0. 05 mile radius to 177 fps at 0, 2 mile radius.
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Range varies from 484 ft at 0, 05 mile radius to 444 ft at 0. 2 miile radius with

a negative slope. Neither the speed or the range are strongly influenced by

the radius of the storm. (The fact that range decreases with storm size is a
little surprising. This appears to be due to two factors: first, the vertical
wind velocity is higher for the smallerv storm, second, the yaw angle decreases
more rapidly for the missile in the larger storm decreasing the drag in the
downrange direction.} The 6-in. pipe curves are again above the 12-in. pipe

curves.

Sensitivity of maximum speed and range to the translational speed of the
tornado center is shown in Fig. 4-4 over a range of 15 mph to 90 mph. At
30 mph the slopes are 1,46 ips per mph and 1. 80 ft per mph. As would be
expected, each mph of storm speed adds approximately one mph of missile

speed over most of the range,

Azimuth of the storm center from the release point affects the maximum
speed along the trajectory and the range as shown in Fig. 4-5. The indepen-
dent variable is cyclic so the left and right edges of the plots are coincident,
The minimum range occurs near 180° where the tangential velocity of the storm
is reduced by the colinear translational velocity vector. The speed has two
distinct local minima: one near 180° and the other near 90° where the wind
velocity vector makes a small angle with the pipe axis at release so the initial
acceleration is small. Later the pipe yaws in the wind so the drag force

increases and the range is not as strongly affected as the maximum speed.

The sensitivity plots (Fig. 4-6) show the effect of initial height on maxi-
mum speed and range as well as the effect of initial rotation; i.e., curves are
shown for conditions of no initial rotation and -10 rpm about the y axis. The
base case for this comparison differs from the others in this section in that the
pipe is initially pitched up 45 degrees into the wind and there is no initial linear
velocity. This is the worst case for no initial velocity. The rate of increase of
speed with height decreases rapidly, reflecting the exponential decay in the
model wind velocity as the ground is approached. Initial rotation of the pipe
missile results in a small reduction in maximum speed and a larger pércentage
reduction in range. These reductions are due to the pipe spending a shorter
period of time in a favorable orientation for lift-and hence having a shorter time

of flight.
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Another type of sensitivity is that due to Reynolds number range. Sub-
and super-critical Reynolds number effects on a typical trajectory are com-~
pared in Fig. 4-7. The use of subcritical Reynolds number data can be seen
to be counservative because the speed and the component distances of the trajec-
tory are all larger for the subcritical case {curves labeled 2) than for the
supercritical case (curves labeled 1). Refering to Fig. 4-7 shows that
although the rotation indicated by vaw, pitch, and roll occurs sooner in the
trajectory for the supercritical case the attitude at impact is nearly the same
for the two cases. The greater range and speed in the subcritical case is due
principally to higher drag at large angles of attack, represented by large pitch
and yvaw in the 0.5 to 1.0 sec region of the plots. A comparison of the instan-

taneous drag coefficients along the trajectory is shown in ¥Fig. 4-8.
C.. THREE-DEGREE OF FREEDOM MISSILE TRAJECTORIES
1. Coefficient Development

For making engineering estimates of tornado missile velocities for
nuclear plant design, a simplified method of computation is desirable, An
obvious question is: How may acceptable results be obtained from a simplified
method in light of the results of more complete solutions? An approach to
simplification is to reduce the 6 -DOT solution to an appropriate 3-DOF solution
in which the actual orientation of a missile is neglected. Instead, an effective
value of drag coefficient is derived from a typical 6 -DOF solution that yields
nearly the same speeds and ranges given by 3-DOF solutions. The distance
traveled in the cross-wind direction can not be computed from the 3-DOF
model because there will be no lift or aerodynamic side force acting on the
assumed spherical mass and the accu,_f‘?;a}cy of the range rna.:y be affected by the

absence of lift.

The method cconsists in{r;.';gming a few typical trajectories with representa-
tive sets of initial conditions ’{;‘éing the 6-DOF program. Instantaneous values. of
the drag coefficient are recorded as a function of time as is shown in Fig. 4-8
for 12 inch pipe trajectories using subcritical and supercritical aerodynamic

coefficients (c.f. Fig. 4-1 for the car). An average value is computed for the
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drag coefficient over the run. This average value is then used for 3-DOF
computations. The assumption underlying the method is that each missile
configuration has a quasi stable orientation or cyclic mode which is approxi-
mated by an average drag coefficient and .which is independent of initial con-
ditions if the trajectory is sufficiently long. In addition to using better aero-
dynamic data than previous investigators, the averaging carried out here uses
better weights for the different orientations., Note that this average drag coef-
ficient would be difficult to obtain by any means other than the 6-DOF computer
program or the drop tests described in section IIIC above. Values derived by
the current method will be compared with the results of these scale-model drop

tests below.
2. Trajectory Comparisons

Figure 4-9 compares the speed along:the trajectories of the 12-inch pipe
for the 6-DOF supercritical solution and the approximating 3-DOF trajectory,
Note that the speed is fairly well approximated except that the time of flight
for the 6-DOF model is longer due to positive lift in the initial part of the

trajectory.,

For a blunt shape such as the compact car model the use of a 3-DOF
model with an average drag coefficient is a slightly better approximation than
for the 12-in. pipe. ZFor the initial conditions considered in Section IVB1, the
average of the instantaneous drag coefficient in Fig. 4-1is 2,5, The 3-DOF
trajectory speed run with this drag coefficient Fig. 4-10 differs by 22 fps in
102 fps or 22 percent and the range differs by about 11 ft in 62 ft or 13 per-
cent, These results for compact shapes suggest that the 3-DOF approximation
is probably adequate for design purposes, particularly if used with a small

safety factor (e.g., 1l.5).
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E. NOMENCLATURE FOR SECTION IV

area of '"missile’

drag coefficient (wind axis)

lift coefficient (wind axis)

rolling moment coefficient (wind axis)
pitching moment coefficient (wind axi-s)
vawing moment coefficient (wind axis)
side forte coefficient (wind axis)

structdral force function restraining injection

impulsive force due to rapid pressure drop in injection formulas

vertical wind force in injection formulas
acceleration of gravity
constant of proportionality in Newton's second law

initial height of "missile"

" moments of inertia in x, y, and z directions

pressure

Reynolds number

radius of maximum azimuthal velocity in tornado

time

horizontal velocity component of missile

speed of storm center

Vertical velocity of injection, missile ground velocity
maximum azimuthal velocity of tornado

horizontal velocity

azimuthal component of velocity



W +«. weight of "missile"

w ... vertical velocity of "missile"

x ... distance in direction of storm center velocity

v ... distance transverse to storm direction

Z ... height above ground

o -« angle of attack, scale height in wind field model
B8 +++ scale height in wind field model

v -+. eddy (kinematic) viscosity

P, +«+ density of air

++« roll angle

+++ yaw angle

!
v ... initial yaw angle relative to storm center direction
W
... rotational velocity components of missile
w
b

Subscripts

rel ... relative {to missile)
tc ... tornado center

w ... wind

0 ... injection condition



APPENDIX A

ANALYSIS OF THE NEAR-GROUND WIND FIELD OF A TORNADO
WITH STEADY AND SPATIALLY VARYING
EDDY VISCOSITY:

A, INTRODUCTION

The near-ground flow in a tornado vortex is of primary engineering

concern, because it is the portion of the whirlwind to which structures and

objects are subjected. The low-level pressure deficit and wind field present

a hazard to structures directly, and indirectly through the potential injection
and transport of missiles of sundry conceivable shapes, weights, and sizes.
Thus, one major motivation for improved low-level tornado modeling is to
furnish a more realistic wind field for use in trajectory calculations, which in
turn can be used to establish design criteria for structures. Also,

from a meteoreological point of view, the low-level wind fie.ld places

a major constraint on the secondary flow field, hence on the entire

structure of a tornado, and thus merits close study, especially in the absence
of extensive field data., Existing detailed field data concerns particle or cloud
tracking on cinematogragphic records of a few whirlwinds (Hoecker 1960; Golden
and Purcell 1975; Golden 1976), These data raise questions of discrepancy
between solid particle motion and air motion (Mozrton 1966), of inconsistencies
as a result of the time-compositing of data taken over the lifetime of the whirl-
wind (Redmann et al, 1976), and of problems with condensation, dust, and
debris that often preclude inspection of the interesting central portion of the
swirl., More importantly, the field data currently cannot furnish the detail of
all three velocity components required for trajectory calculations and for

physical insight,

“This Appendix is extracted from the final report prepared by TRW for JPL
under JPL Contract 954533, The authors were George ¥, Carrier, Harvard
University, Consultant to TRW, and Francis E. Fendell, TRW, Principal
Investigator, The report was published as TRW Document 29584-6001-RU-00,
21 May 1976 ~ 21 January 1977,
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Thus the need for modeling persists. The modeling undertaken here is
intended to be along an intermediate path between the overly simplified and the
overly elaborate. In particular, the turbulent transport of momentum is
represented by an explicit, spatially varying eddy viscosity, within a gradient-
diffusion representation; such a phenomenology has been shown to be of value
in subsonic aerodynamic shear layers near smooth and rough walls under
accelerating (favorable) pressure gradients at large Reynolds number (Smith and
Cebeci 1968; White 1974), conditions which hold in the geophysical flow of
interest, While a constant eddy viscosity has been studied as a preliminary
case, the above emphasis on a spatially-varying eddy viscosity seems well
warranted and within aerodynamic expérience.. Also included in the model is a

distinction of a wall layex (viscous sublayer) from an outer defect layer,

The use of elaborate simulation appears further unwarranted in that the
computation appears overly refined within the limitations of the formulation,
The mature intense tornado is invariably idealized as quasi-steady and axisym-
retric in modeling, In fact, the maximum swirl speed of the mature tornado
changes appreciably and nonmonotonically in time, from interpretation of
available funnel-cloud photogra phy (Ferrel 1893; Glaser 1960; Dergarabedian
a.n<.i Fendell 1971a, 1971b, 1973), Also, just as in many turbulent shear flows
once believed to be characterized adequately by inhomogeneous small-scale
randomness, so also closer inspection of the tornado (Fujita 1975; Forbes
1976; Fujita and Forbes 1976) reveals the apparent existence of recurring
large-~scale coherent vortical substructure (Davies and Yule 1975; Roshko
1976). The substructure consists of so-called satellite or suction vortices that
persist for a few seconds within the confines of the larger identity referred to
as a tornado; the suction vortices are sometimes conceived of as symmetrically
positioned within an annulus circumscribed by the large tornado. Time-
averaged modeling has not, and perhaps inherently cannot, recover such
transient nonaxisymmetric substructure; of course, the significance of such sub-
structure to any mean description of the tornado for many engineering purposes
is moot, though clearly other departures from the mean (such as gustiness)
are probably significant for injection of missiles into the vortical flow field,

It should be noted that Coriolis effects and translational wind speeds often
interject nonaxisymmetric properties in the outer portions of the tornado wind

field, but suction vortices introduce nonaxisymmetric properties into the
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whirlwind core. Due to these considerations, the present approach is consideresd

to be more appropriate to the problem.

Here, not only is the mature intense vortex taken as axisymmetric and
steady in those portions of interest, but the axis of rotation is taken as vertical,
Highly tilted and irregular axes are often indications of a weak (incipient ox
decaying) vortex (Morton 1966), but exceptions have been cited. Nevertheless,
a conventional cylindrical polar coordinate system is adopted here, since the
simpler cases deserve treatment before the more complicated cases are

undertaken,
B. STRUCTURE OF A TORNADO

The model for the surface inflow layer, in which frictional effects balance
with pressure-gradient and inertial effects, may be clarified by first presenting
an idealized four-part subdivision (Barcilon 1967; Carrier 1970; Dergarabedian
and Fendell 1970) of the entire intense quasi-steady axisymmetric vortex
(Figure A-1)., In region I there is rapidly swirling air, in which the radial
pressure gradient inward is virtually in equilibrium with the centrifugal force
(so-called cyclostrophic balance). (The Coriolis acceleration enters at larger
radial distances at which the swirl decreases to translational and other ambient
wind speeds, such that a gradient wind balance approximates the conservation
of radial momentum. However, interest here is on the high.swirl regions in
which the Coriolis acceleration, important as it may be during spin-up, plays
little role in the inten se mature vortex,) In region I there is very little
variability with altitude of the dependent variables (aside from hydrostatic
stratification); there is virtually no radial inflow, and only a weak downdraft
into the surface inflow layer II. The radial profile of the swirl in I is taken to
be that of a potential vortex; this is particularly appropriate in the high-speed
region if one views spin-up as involving convectively induced advection of
(particlewise conserved) ambient angular momentum. The potential vortex

is an adequate, if less accurate, profile at‘iarger radial positions,

In region II, the no-slip boundary condition retards the centrifugal force,

such that the 'favorable' radial pressure gradient of I drives an appreciable



radial influx of swirling air toward the axis of symmetry. The frictional
effects at the surface dissipate some of the angular momentum of inflowing
air; i, e,, in II angular momentum is not conserved. In II, the classical thin-
layer approximation of Prandtl is valid, such that parabolic partial differential
equations describe the conservation of radial and azimuthal momenturm, the
radial velocity being comparable to, and even possibly exceeding, the swirl

in some limited parts of region Il, The (relatively small) vertical velocity
component is obtained from continuity, once the swirl and radial velocity

components are known,

In region III, there is an eruption of the boundary layer upward, virtually
to the tropopause, in an annulus around the central region IV, In region III the
hydrostatic approximation may be locally invalid very near the ground owing to
rapid upward acceleration, even though the hydrostatic approximation suffices in
general., At the inner edge of region III the swirl increases very rapidly with
radius, rising from virtually zero at the inner edge to its maximum value,

Fluid particles rise rapidly, such that the moist adiabat furnishes a rough
approximation to the locus of thermodynamic states. The low-level flow

in III may well overshoot its equilibrium, such that the fluid particles move
radially inward, then radially outward as they rise; with increasing radial
distance from the axis, under conservation of angular momentum, swirl
decreases, such that relative to an observer in a noninertial frame of reference,
the upper-tropospheric swirl at large radial distances may appear to be reversed
in sense from that in the lower troposphere. Thus, the tornado has low-level
inflow, inner updraft, and high-level outflow, Region Il may well warrant fur-
thur subdivision, but since it is not the matter of principal concern here, the
subject is deferred; it seems likely that an adequate treatment of region II,
attempted here, must precede treatment of region III, because II furnishes start-

ing spatial conditions for III,

Region IV is a central downdraft of dry virtually nonrotating upper-
tropospheric, or, more likely, 1ower-stratosp:f1eric air, that undergoes com-
pressional heating on a dry adiabat as it descends. Thermohydrostatic calcula-
tions for tornado-spawning ambient (Dergarabedian and Fendell 1976) indicate

that the 100 mb pressure deficits from ambient, compatible with 200 mph peak



swirls implicit in funnel-cloud behavior, are realizable only if there is a
two.cell structure to severe tornadoes (Dergarabedian and Fendell 1973), Thus
the severe tornado has a nonrotating central core analogous to the eye of a
hurricane ox typhoon (Carrier, Hammond, and George 1971; Fendell 1974),
Because of the smaller radial spatial scale of a tornado, the updraft. of the
"eyewall" of a tornado (region III) so shears the "'eye' (region IV) that a
significant recirculation (although still no rotation) can be established in the
""eye."" This recirculation helps explain how an ''eye' may for m within a
tornado on the oxder of 10 min, the scale on which a tornado can go from

100 mph to 200 mph. The "eye' may be an oscillatory or transient tornado
property that recurringly is established and decays., Finally the existence of
a significant "eye! recirculation suggests that absolute upper bounds -on
achievable pressure deficits cannot be obtained by thermohydrostatic calcula-
tions using idealized atmospheric processes; minor corrections owing to addi-
tional pressure deficit from ambient from nonhydrostatic effects may need
consideration. However, estimation that the thermohydrostatically computed
bounds are 100% in error (Lewellen 1976), such that peak swirls may reach

450 mph, seems unsubstantiated,
C. THE FRICTIONAL INFLOW LAYER FORMULATION

Because it is of primary interest here, further attention is now focused

on the frictional inflow layer.

Because of the aurrent lack of detailed understanding of how friction
occurs in a spinning fluid at large Reynolds number, one introduces eddy
viscosity concepts, Such an approximate formulation warrants only an approxi-
mate solution, which presents the key information in convenient, readily
usahle form. Thus, in addition to the already discussed model of an incom-
pressible axisymmetric flow under a potential \;*ortex, with negligible role for
Coriolis acceleration, further convenient siinplifica.tions of consistent
character are introduced, For example, selfsimilar concepts are to be
developed as far as possible, so ordinary differential equations, rather than
parabolic partial differential equations, require treatment (Burggraf, Stewartson,
and Belcher 1971},



A closed system of finite radial extent Tqo is adopted, so there is no
radial flow across the outer boundary. Typically, Ty = 10 Ty where Ty is the
radius of maximum winds., The boundary layer grows monotonically, but
relatively slowly in thickness as one proceeds radially inward from the outer
edge of the vortex, Near the outer edge, friction plays a role across the entire
vertical extent of the surface inflow layer. However, closer to the axis, the
bulk of the radial inflow is described by inviscid analysis; only in a thin layer
immediately adjacent to the ground does friction alter the radial velocity com-
ponent significantly (for enforcement of the no-slip surface boundary condition)
{Carrier 1971; McWilliams 1971; Burggraf, Stewartson and Belcher 1971), )
On the other hand, the azimuthal velocity component profile is shaped signifi-
cantly by friction across the entire extent of the surface inflow layer, at all
radial positions., The precise details of the flow, but not its qualitative charac-
ter, depend upon the eddy viscosity model, For example, one anticipates a
nonoscillatory vertical profile for both the radial and azimuthal velocity com-
ponents., Whereas the radial velocity component has a larger maximum at
smaller radial positions.(a maximum that can become as large as the swirl
speed above the surface inflow layer), at fixed altitude within the inflow layer
the circulation becomes smaller at smaller radial positions., In any case,
the assertion (Chi 1975; Lewellen 1976) that the swirl within the inflow layer
may appreciably exceed its asympotic value outside the inflow layer, at fixed

radial position, is regarded as unlikely,

Under previously discussed approximations, if in cylindrical polar coor-
dinates (r, 9, z) the corresponding velocity components are denoted (u, v, w},
the conservation of mass, radial momentum, and angular momentum may be

expressed as follows (with subscript r, z denoting partial differentiation):
(ru)r + (rW)Z = 0; {A-1)

2 2 2
(xV)~ - <r;)' - (ra) " _ Wire) ] - ulrw) - wira)_ ; (A-2)

xr 4

[v(rv)z] - u(rv)r - w(rv)z =0 ; (A-3)
z



the boundary conditions are

z~- w: v—§/r const.; u—0; (A-4)
z=0: u=v=w=0; (A-5)
r =71y u =0, vspecified (_41/1‘0) (A-6)

Herxe, r, is a given const,, and signifies the outer extent. It is anticipated
that the formulation is to be applied only in the range ry = r= oo where Ty is
the (finite) radius of maximum winds, .Also,

Y = rV, const. (A-T)

It may he noted that the cyclostrophic balance has been used to identify the

radial pressure gradient in (A-2):

1

2
.
) A (A-8)

P. =
D, CONSTANT VISCOSITY SOLUTION
If v is const., either because a laminar flow is under investigation, ox

because the eddy visocosity is crudely approximated as a constant in turbulent
flow, then solution to (A-1) - (A.2) is sought in the form

ru = - Blr) g'n), rv = f(n), w = Wn), (A-9)

where

n=_2 (sk)l/z (A-10)



Here, s(r) and B(r) are functions to be identified in solution. One does not
expect (A-9) - (A-10) to give an exact solution, but to capture the essence of

the functional behavior in a very useful form,

Substitution of (A-9) - (A-10) in (A-1) gives

1/2
_ 1/2. S Bs!?
Wy o= () [T g'g! v ng"]

1/2
1/2 | s 1t Bs' 1 t:|
= (vi) Bg' - — 77 meg' - gt |
VL!J [ T g Zr Sl 2 g
W = ()2 /2 p: TR :L L -—ﬁj—sl ng' (A-11)
o 2r sl/z_ 2r s1 2 ’

where by (A-5)
g(0) = 0. (A-12)

Substitution of (A-9) - (A-10) in (A-2) and {A-3) gives, respectively,

2 trt t 1 2
Leoq- £ -plg?) = py” [g_ (“%:“ + 52 ) gg”} -Lgp'g'?;

S

1t
&? [f___ (_@_1+ Pst ) gf'} =0. (A-14)

The terms in (A-13) derive, from left to right, from & milarly positioned terms

in (A-2). For self-consistency, one must take

sptysB

' 2r (A-15)

r



say; also, it is necessary, but not sufficient, to take

2 2

g” =1-1, (A-16)
2
g _ .1 -8B
— = > (A-17)
r
From (A-6}, p(ro) = 0; hence, from (A-17),
22 r?
Bz - h.E’.z_ (A-18)
o
Equation (A-15) may be written
(8°s)" = -2rp=>s =L r (x5 - x* 1/2 (A-19)

by use of (A-18),

The term in square brackets in (A-13) is O(quz/s), wl:;ile the other terms
are O(qu/rz); substitution of (A-18) and (A-19) shows that the ratio of the

bracketed to unbracketed terms is 0(31'2/21%), so that for r << r,, the bracketed

O’
term is negligible, The neglect of the bracketed term gives an inaccurate

result where the motion is slow [i. e., wnere v = O(v /10), u (‘O(Vmax/lo)]’

max
and an accurate result where the motion is fast, From (A-19), s ~ (:r0 - r)
as - x,; this is consistent with the more meticulous analysis of Stewartson,

Burggraf, and Belcher (1971). It may be noted that such physical insights into
flow details remain totally unexposed in most accounts (Kuo 1971),

The radial momentum equation for rg > rz, so that g —1, becomes a
statement that the left-hand side of (A-2) vanishes; i, e., V2 = uz + vz, such
that the radial velocity component is inviscidly controlled, The two-point

nonlinear third-order boundary-value problem, from (A-13) - (A-18), becomes



f11 4 gf! = 0 (A-20)
g' = (1- fz)l/2 ; (A-21)
£0) = g(0) = 0, flo) ~ 1., (A-22)

The boundary conditions follow from (A-4), (A-5), (A-7), (A-9), (A-10), and
(A-12), The problem is readily solved numerically by shooting; one finds

£Y0) = 0.7456, g(o) = 1,941, (A-23)

Results are graphed in Fig., A-2, where it is evident that f monotonically

increases {so g' monotonically decreases).

Of course, the reduction to third order results from dropping of the
frictional term in the conservation of radial momentum (A-13), which has been
taken in the inviscid form (A-16). Enforcement of all of (A-5), specifically
g'(n=0) = 0 so that u(x, = = 0) = 0, requires restoration of the frictional term

in a thin near-ground sublayer of the inflow layer.

For completeness, a brief sketch of the near-wall sublayer, in which u

falls to zero, is developed now, If

1/2
Ir'i = - 41[3(1')1’1' (0"), o :-"_'E'_(%') > ﬁ.: 1 - (I‘/I‘O)z 2 (A_Z‘L)

m(r)

then from continuity

1/2 !
(rW)U = m(;p‘i) [Wh' - Byh! '(—E)fr ] s (A-25)
or
AL/2 t it
rw = m(m) [Fﬂ L_‘Jh - ﬁ\lj (—-"n-i—' {O'h‘ - h)] (A—ZE))
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From the radial mormentum equation,

- (_..!37) hrt ,(EE_‘.)hrz + [B(B' +5r;1-1 mt)} hhit
m

2
= Lz B} (Ei) 2. (LZ) £2 | (A-27)
r T r N

where the last term involving fz is dropped as negligible. The function m is

assigned by demanding

- 2 ’
= = (A-28)
r

If attention is concentrated on (r/ro) <« 1, such that B-1, B! —'0(1),'then
m=r, (A-29)
and
_h''t 4 (hh') B 1, (A-30)

where all neglected terms are O(rz'/rg) or smaller. The boundary conditions

are
h(0) = 0, h'(0) = 0, h!(®) ~1 ; (A-31)

these enforce w(x, z = 0) = 0, u(x, z = 0) = 0, and matching of the sublayer and

outer-layer solutions, respectively. One arrives at a Riccati equation

2 2

ke +h7 =% _n(0) 7, higwm)—o, (A-32)



where the boundary conditions have been used to assign a constant of integration.
The results of Burggraf, Stewartson, and Belcher (1971) assure that a solution

exists, and for present purposes
hic) = ¢ + exp(-0) - l=>h'(s) = 1 - exp (-0), (A-33)

captures its behavior adequately (see Fig. A-3). Hence, a uniformly valid

. 2 2 .
expression for r- « ry is

ru 2 - gp(r) [br (o) + 0 (n) - 1] (A-34)

where h'(c) is given by (A-32), or, facilely, by (A-33), and h'(n) is given by
(A-20) - (A-22).

This modification is regarded here as a detail from an engineering point
- of view; the solution to (A-20) - (A-22) would normally furnish an adequate

approximation by itself.
E. THE PLAT-PLATE TURBULENT BOUNDARY LAYER

The purpose of this section is to establish concepts and procedures for
Section F, in which the ground frictional layer under a tornado vortexis
studied for a spatially varying eddy viscosity. Here, a mean description of the
downstream-asymptotic turbulent boundary layer on a smooth flat plate is
developed for two-dimensional isobaric constant-density constant-property
flow, The initial goal is to develop a simple method leading to simply inter-
preted results. Explicitly, 2 uniformly valid representation of the solution
is sought for a plausible eddy~viscosity model: a Prandtl mixing-length theory
(without the van Driest correction factor) for the viscous sublayer, is patched,
at the local transverse position of equal magnitude, to a Clauser form (without
the Klebanoff intermittency correction factor) for the defect layer (Smith and
Cebeci 1968; Fendell 1972; Bush and Fendell 1972; White 1974), The total

viscosity is the sum of the molecular and eddy viscosities,
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If (x, z) are the streamwise and transverse coordinates, respectively,
and (u, w) are the correspon&ing velocity components, then continuity and

momentum conservation require (subscripts x, z denote partial differentiation):

u_t+tw_ =0, (A-35)
x

(vuz)Z -uwu_ -wua_ =0, (A-36)

where the no-slip boundary conditions and outer condition are (0 < z< o:

uf{x, 0) = w(x,0) = 0; u(x, zu-oa)_.uo, const. (given) . (A-37)
The total viscosity is taken as
v=v_+ v , (A-38)

where v is the molecular viscosity and Ve is the eddy viscosity. Explicitly,

0
then,

k, 27 u in the viscous sublayer
v = (A'39)

kz U 5%(x) in the defect layer,

where the velocity displacement thickness
o%(x) = —  dz. (A-40)

The factor kl = Kz, where the von Karman constant <= 0, 41; the Clauser constant

kz = (. 0le6.

A-13



The following change of coordinates is introduced:
(x,z) — (%,n) where X = x, 1 = z/s(x), (A-41)
and s(x) is to be identified. The motivation behind this change of independent
variable is that the solution may be profitably sought initially as a function of

nonly, i.e., in selfsimilar form. This selfsimilar form may then be simply

modified to account for the non-selfsimilar character of the solution.

Accordingly, if subscript n denotes partial differentiation,

U(X, Z) = uo fn(x: T‘l) : (A"42)

and from continuity (A-35),

- S‘
= - Suo (fXT] - _S. rlf‘i‘}‘l‘]) » (A-—4:3)
or, from (A-37),

w o= —suo(fx) + s‘uo(qfn - f). (A-44)

Use of (A-41) and (A-42) in (A-.39) gives

uy 5(x) klnz me(X,n), in the viscous sublayer

v = < (A-45)
u, s{x) kz 5% (x), in the defect layer,

=3

where

w

5¥(x) = [1- fn(x,'-q)] dn. (A-46)
0

A-14



At any fixed x, the transition between functional forms for v, occurs at

nl(x), where
2 "
ky [y 60]° £, Boong (0] = kpena) (A-47)
Hence it is convenient to write
_ o o2 ' A4
Ve' = uo S(X) 11-! fnn(x: T’T) * ( - 8)

where, with 'ql(x) defined by (A.47),

2 -
kyn fnn(X,T]) » 0<n < nyx)

- 2
{H(X,"l)}* = {qu f?_mgxlr])}* = (A-49)
klﬂilZ fnGn) m&EI<n< o .

If the inverse of the Reynolds number based on streamwise distance is

introduced:

v

0

‘E P >
g s5(x}

0< e << 1, (A-50)

then (A-37) may be written

{[e(x) + {H(x,q)}*j fnn}-n FeUEf = sl - £ £ . (A-51)

Tentatively it is taken that

s' = 1= 8 = x. (A-52)

A-15



It will later be shown that this is an inadequate representation for s; but it
seems advisable for exposition to adopt this simple form, demonstrate the

need for improvement, and thus motivate better representation.

One may now write, if E = fn ¢,

{[e(x) +{H(x,q)}*]fnn}n  fnfen = fnnfp ~ fnfag - (A-53)

]
[

£(x,0) = f3(x,0) = £,(x,n==) - 1 (A-54)

Clearly the source of explicit x dependence in f is owing to ¢ (x), so one may

write
£(x,n) = fe(x),n ] (A-55)

Again, 0 < ¢(X) << 1 is of interest in a downwind-asymptotic theory. For
the tractability of selfsimilarity, it is tempting to seek a solution for f which is
only parametrically dependent on ¢ (%), in the hope that f varies little with ¢ (x)

for small ¢ (x), Thus, (A-53)is approximated as

{lee _-i-{H(n)}*]ffm}n $E5, 20, ¢ =2, (A-56)

subject to (A-54), In solving {A-56), one may assign a sequence of small

numerical values to ¢(x), and obtain f(n:e). Hence,

2 S
Ky fp(nse)y 02Fn =1,(e)
{HMY, = (A-57)
2 _ -
k]_ r]]_ f‘l’]l’](nl;e), nl(e) = Tl < CD’

A-16



where
kz[ { )]zf (M.3¢) = k,o(e) (A-58)
tngte ILANAE 2040 -

where, in turn, o is a special designation for §%:

ole) = [1- fn(q;e)] dn , (A-59)
0

In fact, it will turn out that substitution of the solution to (A-56), subject
to (A-54), into (A-53) reveals that the disca.rd‘ed terms on the right~-hand side
may not be justifiably ignored relative to terms that are retained. The differ-
ential dependence on the streamwise coordinate cannot be treated as a purely
parametric dependence; i, e., the '"locdl similarity' approximatica does not

vield high accuracy.

As presently stated, for fixed given ¢, in numerically solving (A-56),
with (A-57) - (A-59), under (A-54), one rust apparently guess, say f'' (n = 0; ¢)
and nl(e) to obtain f(n— o;¢) and ¢, When the obtained f(n-+w; ¢)—1 and the
obtained o is compatible with (A-58), one has a scolution for that ¢, In fact,
there is a standard procedure to reduce this two-degree-of-freedom shooting-
type boundary-value problem tc a simpler one-degrge-of-—flr:eedrom problem,
For this purpose, consider a boundary-value problem for F(&;¢'), where

0=E=< o, ¢ >0

o 2 - (A-60)
{[ + {8 Fgg}*] Fgg}g + FE,, = 0,

where (A chosen)

F(E=0; ') = Fg(€=0; €t) = Fgg(§=0;6‘)—A

]
[
-

(A-61)
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and §1 is chosen, where

2 : -y =
k& Fygl€se), 0< €<t

(e r &, (a-62)

: 2
K)E] B (659 8) % £ Za

One may now readily calculate F'(§; ¢!'), where for convenience the notation
Tple~=;et) ~ B (A-63)

is introduced, For relation of (A-60) - (A-63) to {A-56) - (A-59), one lets

n = af, fn;e) = ¢ F(fiel), €= c2et (A-64)

where a, ¢ are constants to be identified. The two boundary-value problems
are equivalent with respect to boundary conditions at the origin and infinity, and

with respect to differentia® equation if

1 = iflse) = B lFrm:B %) . (A-65)
However, the Ny € i, and ¢ so o]?tained will not, in general, satisfy (A-58) -
(A-59). Thus one must select another trial value for the transition point in the
£ problem, denoted here E;; this new trial yields B', hence c¢' (¢' conveniently
being held fixed), Thenew F'(n;e') implies a new function £'(n;¢), and hence

a new integral value o'. The procedure of selecting transition points in the

£ problem is continued until results compatible with the requirement of (A-58)
are obtained., Thus a one-degree-of-freedoﬁl iteration has been identified,

albeit an iteration in which one cannot preselect &,

Numerical results for the boundary-value problems posed by (A-54} and
(A-56), obtained by use of (A-60) - (A~65), are displayed in Figs., A-4 to A-b
for a physically interesting range of ¢; the initial data required to ''shoot!
(A-54) and (A-56) are summarized in Table A-1.
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One now considers the value of the right-hand side of (A-53), and the
value of the nonlinear convective term of the left-hand side of {A-53), for
several values of n for each value of ¢ studied. Simple finite differences
between results for a given ¢ under scrutiny, and the results for the next larger
value of e for which computations were undertaken, are used to constitute
derivatives with respect to B = {n{e) Inspection of the numerical results reveals
that the neglected right-hand side is adequately approximated for current pur-

poses as a constant multiple of the left-hand side. In short, in (A-52),

- = -stA = .1 . A
s(fnfxn fxfm) SUA ff, A /2 (A-66)
If now
S = s1(l+A4) (A-67)

then (A-51) may be written as (A-56) if S = 1, so that
st = 1/(1 +A). (A-68)

Hence, selfsimilar results presented in Figures A-4 to A-6 and Table A-1 as
solutions to (A-54) and (A-56) are satisfactory solutions to the nonselfgimilaxr
‘problem (A-53) and (A-54) if one merely reinterprets s, such that in (A-41),
(A-44), (A-45); and (A-50)

s = 2%, . {A-69)

The convenience of the selfsimilar form makes the present development pre-
ferable to a direct numerical solution of the partial differential equation.
Ultimately a more adequate accounting for the contribution of the nonselfsimilar
terms is warranted; of course, a comparison with experimental results is also .

planned,



F. THE TURBULENT BOUNDARY LAYER UNDER A TORNADO VORTEX

Solution to (A-1) - (A-6) is again sought in the selfsimilar form (A-9):

ru = -YB(rigt{n), v = bf(n), w = W(n), (A-70)
where now
= Sy (A-171)

The functions B(r), s(r) will not be those appropriate to the constant-viscosity
problem, but must be determined by an analysis of the same character as that
used in the constant-viscosity problem, Specifically, in contrast to the

representation in paragraph C, here
v =2 Hp) (A-72)

where H(n) is to be specified, From the results of paragraph E, it is clear that
selfsimilarity is not entirely adequate, and in future investigations, the authors

anticipate improving the tentative results which will be given in the following.

Substitution of (A-70) into (A-1) yields, under (A-5),

W(n) = [ (%E—+E§~'~) g - L2 ng‘] (A-73)

Substitution of {A-70} into (A-3) gives

gl; {[E@ ] - (ps) git} =0 (A-74)

consistency leads to the choice

(Bs)t = -1 =ps = ry-r, (A-75)
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where (A-6) has been used. Hence,
t
(Hf') + gft = 0. (A-76)

Substitution of (A-70) into (A-2) gives

L [me ) veg] +88L @2 - ;1—2— [1-£-ehe?]. (A-77)

It is generally expected, and it is appropriate to anticipate here also, that the
boundary layer associated with the azimuthal velocity component v thickens
faster in the turbulent case than in the laminar case. It may be noted that the
pressure gradient plays no role in the conservation of angular momentum
(A-76), and hence does not directly enter into considerations concerning the
thickness of the swirl boundary layer. One may also expect that the radial-
velocity-component "'sublayer!, in which friction enters as a significant factor,
will occupy even less of the swirl-boundary-layer thickness than in the laminar
case (paragraph C), Thus, in most of radial-velocity-component boundary
layer, especially that portion in which the radial inflow plays a significant
convective role, (A-77) degenerates to a ‘balance between acceleration and

pressure gradient, without friction; i.e., (A-77) may be approximated
! 2 1 2 2 2
B g =t 1o %] . (A-78)
r

For self-consistency on the right-hand side

(@)% = 1- £, (A-79)

then for self-consistency on the left-hand side
r

: 2
Bp :_l—_&_:,BZ:l_(_’t), (A-80)

from (A-6).
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From (A-75) and (A-80), tentatively,

1/2
s =r (r—o:—r)/ (A-81)
0 ro 4+ r
From the results of the flat-plate boundary layer study of paragraph D, it is
anticipated that ultimately the definition of s must be modified from that given
in {A-81) to account for the nonnegligible contributions from nonselfsimilar

terms in the conservation of radial and angular momentum,

Hence the boundary-value problem becomes (A-76) and (A-79), with the

boundary conditions analogous to (A-22):
£(0) = g(0) = 0; f(n =) —~1, (A-82)

By analogy again, this time with the flat-plate turbulent boundary layer

studied in paragraph E, v = Vgt Ve

1/2
k 22 (ui’ + vz) in the wall layer

v o= (A-83)

kz( Eli) &% in the defect layer

where vozis the molecular viscosity; kl is the square of the von Karrman const.,
or (0.41)7; kz is the Clauser const,, 0.016; and §%* is the angular-momentum-
defect thickness, Again a van Driest-type wall layer correction and an
intermittancy-type defect layer correction (Fendell 1972; Bush and Fendell
1972; White 1974) have been omitted as nonessential, In similarity variables,
in view of (A-~79), (A-83) becomes

() mt e [10 -]

Ve = (A-84)

TThe nbta?io.n 6% is used for this quantity for the remainder of the appendix
because it is analogous to the displacement thicknese defined in eq. A-40,
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in the corresponding regions. In the defect layer, use is made of the fact, if

¢ denotes a constant (to be determined),

o [s9]

= so . (A-85)

o
7L
]
—_—
et
i
IH
<
e S
o
N
I}
[}
—
|
)
e
[T}
et
1]

Hence, from (A-72), since the molecular viscosity is taken as everywhere

additive to the eddy viscosity, in conventional manner, for r << Ty SO
p —1,

AR
v = Hm), Bl = « 4l n t () 73t - (4-86)
[1 - o]

Here, as before, { F(n)}, = {F()} for 020 2, and {F(m)}, = Fiy,) for

n,ENE w, and since 5-T, forr « oo

uo vo r .
(?) () el (a-87)

For consistency with the similarity treatmeént, r has been taken uniformly

constant at its smallest value within the range of interest, At 1= LT the eddy
viscosity switches from its mixing-length form appropriate to the wall layer
(viscous sublayer) 0 21 = My to its Clauser form appropriate to the defect layer

My21=2 o, The eddy viscosity is made continous by defining m such that

£inq)
11 7z = K (4-88)
[1-£m))]

k




In summary, the solution for the functions of (A-70) - (A-71), with B
identified in (A-80), s in {(A-81}, and W in (A-73), is given by

(HE' ) + gft = 0; (g‘)z-: 1-f2;

2
n_f(n) —
[1 - f (n)]
H(‘]’l) = =
Ny f i) .
e+kl 5 172 » TN 2@
S

where e¢(<<1) is given, k1 = (0.41)2, and 4 is given by (k2 = 0, 016)

in which

The boundary conditions are
£(0) = g(0) = 0, £'(n—w)— L.

This is a two degree-of-freedom iteration in that, for example, one must
anticipate both f'(0) and N1 and confirm the validity of the guesses by obtaining
o compatible with (A-88) and f(n — «) compatible with {A-82), in a shooting-
type method of solution. Reduction to a one-degree-of-freedom iteration is

not readily executed. Nevertheless, solution for various values of ¢ is

A-24



straightforward, and presented in Figs, A-7 to A-11, with the values required
for "shooting" tabulated in Table A-2,

Clearly g'{(0) = 1, so there exists a very thin near-wall sublayer through
which friction acts to enforce the no-slip ground boundary condition on the radial
velocity component, The analogy to the sublayer developed in (A-24) - {A-34)
for the constant-vigcosity model could be developed for the variable viscosity
model; pending that development, one may adopt the constant-viscosity results
given in (A-24) - (A-34),

G. PRELIMINARY DISCUSSION OF THE TURNAROUND

The eruption of the low-1level inflow in region II into the annular updraft

of region IIl (Fig, A-1) is now given very brief consideration.

First, it is recalled from Paragraphs D and F that the boundary layer under
an intense vortex has a two-part structure (Fig. A-12), If z again denotes
distance normal to the solid bounding surface, z = a(r) denotes the thickness of
that portion of the boundary layer in which intense frictional stresses arise.
This portion becomes thinner at smaller radial distances irom the axis of
symmetry, because of acceleration under the positive radial pressure gradient.
Conversely, the thickness of the larger layer z = b(r) - a(r) = b(r), in which
the defect in the azimuthal velocity component is balanced by an increase in the
radial velocity component as the boundary is approached, increases slowly
in thickness at smaller radial distances from the axis, Thus, under the maost
intense part of the vortex, there is a spiral, almost inviscid flow pattern
separated from the boundary by a thin (and thinning) viscous layer, in which the
motion is almost purely radial. If one very reasonably neglecis the sublayer
between z = 0 and z = a(r), which will lie in the innermost portion of the
updraft annulus IIl, an inviscid theory suffices for III; the gain in tractability

far outweighs the small loss in accuracy engendered by such an approximation,

The influx of fluid across a symmetrically situated cylindrical surface
in the region where Fig, A-12 applies, is (if, again, r denotes the cylindrical

radial coordinate and u, the radial inflow component)

Q = 2wr u dz, (A-89)



The angular momentum of that batch of fluid is
M = 2,1'1'prZ uv dz, {A-90)

where, again, v denotes the azimuthal velocity component. The angular momen-

tum per unit mass of the "extruded" fluid,

o0 w
%—- = rf uv dz f udz | <<, (A-91)
0 0

where U characterizes the potential vortex strength in region I (Fig. A-1).
Furthermore, when the boundary layer flow becomes a more nearly vertical
flow, the fluid that was in 0 < z < a{r), and that possesses very little angular
momentum, must occupy the inner portion of the upflow annulus III, Thus,
there is either little or ho torque exerted by the updraft fluid on the slowly

moving fluid in the core, region IV (Fig. A-1),

What are the dynamic balances which permit the radial influx of fluid to
accelerate into a nearly vertical annular flow; what is the geometry of the con-
figuration in which this occurs? A very primitive answer may be sought as

follows,

In constant-density inviscid axisymmetric steady flow, angular momentum
is conserved along the streamlines defined by the secondary (radial and axial)
velocity components, The core, region IV, is taken as motionless and isobaric
(for the altitudes of interest); the flow just outside the inflow-updraft "channel”
has circulation {, with radial and axial velocity components effectively zero.
The flow in the boundary layer II under the vortex I is specified in simplistic
terms, and this permits the geometry of the annulus III to be determined. More
particularly, the shape of the streamlines constituting the inner and outer limits

of IIl may be obtained from the conservation of radial and of total momentum,



{An integral of the latter is, of course, Bermnoulli's equation.) Especially,
the radial distances, atwhichthe streamlines bounding III becomes vertical,
so both radial flow and also changes with altitude are small, may be determined.

Details are not developed in this preliminary outline, however they will

be further treated in the next phase of the program.
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Table A-1. Properties of the Approximate Selfsimilarity Solution
for the Flat-Plate Turbulent-Boundary-Layer
Boundary-Value Problem

| £70) 2 =z
1. 2295 % 7, 376811 9, 3522 1.9036"%
3, 21457 1.9287%2 6. 455773 1,185372
8.6645‘6 5.1987+2 4.8239'3 7.8603'3
2.3825°° 1.429573 3, 81317° 5, 48727
1. 620070 1,944173 3,58207° 4,96717°
6, 6447”1 3,9868" > 3,13457° 3.9956~>
1,8740° " 1, 1244+% 2.6506"% 3,01367>
1,2826" " 1.53927% 2.53137°> 2.784973
5.3360" % 3,20167% 2, 289773 2, 340773
1,5333°8 9.1998"* 2.011373 1.86357°
4, 601077 2.76067° 1.7713"3 1,51317°
1.3300"7 7,9798% 1,55917 > 1. 24983

Exponents denote the power of ten. Results for the two smallest values
of ¢ are less accurate than entries for larger values of ¢,
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Table A-2, Properties of the Approximate Selfsimilarity
Solution for the Turbulent Boundary Layer
Under a Tornado Vortex

3 s i £10)
10’4_ 1,35-107% 6.18° 107> 1, 17868 102
1075 6.90-10"° 3,85+ 107> 6. 24682 10°
1077 2,88-1072 2,395 1072 2. 56536+ 10~
1077 1,637°107° 1,805+ 10> 1.36583¢ 10°
10711 1,034.10°° 1,4360 107> 9.72465" 107
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Fig. A-1. A schematic diagram., not to scale, of the postulated four-part
structure of an idealized mature severe tornado, here taken conveniently as a
vertical closed axisymmetric two-cell system extending from ground to tropo-
pause. Region Iis the potential vortex; II, the surface inflow layer; III, the
turnaround, slightly sloped updraft, and outflow; IV, the recirculation core,

or "eye'. In the absence of an "eye'', such that IIl extends to the axis of rota-
tion, the peak swirl is appreciably reduced. The arrows suggest the secondary
flow (radial and axial velocity component streamlines). The radius of maximum

winds is ry and the outer radius is ro.
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Fig. A-2, TFor spatially constant viscosity, similarity results for the outer, preponderant portion
of the boundary layer under the high-speed portion of an impressed vortex. Left, results related
to the radial and axial flow components., Right, results related to the swirl velocity component.
The similarity independent variable n is large for large distances normal to the ground or for
small radial distances from the outer edge of the vortex system.
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Fig. A~3. For spatially constant viscosity, similarity results related to
the radial inflow in the thin, effectively nonrotating sublayer under the
high~speed portion of an impressed swirl. Left, ' h'(c), as computed numer-
ically; right, a comparison of numerically’ computed (dotted line) and
approximate analytiec (solid line) results for h{(g). The similarity inde-
pendent variable ¢ is large for large distances normal to the ground or for
small radial distances from the axis of rotation.
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Fig. A-4. Results of flow field computation for the turbulent flat-plate boundary
layer with no pressure gradient, Results are based on an approximate self-
similarity treatment of an eddy-viscosity model of turbulent diffusion. The
value of the inverse Reynolds number ¢ is noted, f' denotes the dirnensionless
streamwise velocity component, and 1 is a similarity independent variable

that is large for large distance normal to the ground or for short distance
downstream.
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Fig., A-7, Results for the flow field computation for the turbulent boundary
layer under the high-speed portion of a tornado vortex. Results are based on
an approximate selfsimilarity treatment of an eddy-viscosity model of turbulent
diffusion, The value of the inverse Reynolds number ¢ is noted. The variable
f is related to the swirl, and the variable g is related to the radial and axial
velocity components. The similarity independent variable n is large for large
distance normal to the wall or for small radial distance from the outer edge

of the vortex system,
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J. NOMENCLATURE FOR APPENDIX A

radius to edge of system

radius of maximum winds

radial velocity component in tornado or streamwise

velocity component on flat plate

azimuthal velocity component

axial velocity component in tornado or transverse (to

stream) component on flat plate
rotational velocity

height above ground
atmospheric density
atmospheric pressure
azimuthal velocity component far from ground
total viscosity

molecular viscosity

eddy viscosity

square of von Karman constant
Clauser constant

transverse velocity component far from surface of
flat plate

velocity displacement thickness, angular-momentum-defect

thickness

inverse Reynolds number

A~45



APPENDIX B
TRANSFORMATION OF COORDINATES
Transformation from Body to Inertial Ccordinates

The transformation matrix T from body to inertial coordinates is given

in terms of the roll, pitch and yaw rotation matrices X, Y, Z by

T = ZYX (B-1)
where
cos Y sin ¢ 0
X={ -siny cos Y 0
0 0 1 ‘
cos © 0 ~5in 6
Y=¢0 1 0. {B-2)
sin 6 0 cos 6
1 0 0
Z=40 cos ¢ sin ¢
0 ~sin ¢ cos ¢
so that

cos Y cos® -cos | sin 6 sin ¢ + siny cos ¢ -cos Y sin 6 cos ¢ - sin P sin
T =] -sin{ cos® sin P sin O sind + cos Y cosd . sin P sin Bcos ¢ - cos L sing

.8in 6 cos B sin ¢ cos B cos ¢

(B-3)

B-1



Quaternion Representation of Transformation

Quaternion components are initialized from the elements of the transfor-
mation matrix T from body to space coordinates., The components are usually
subscripted 0-3, but they will be subscripted 1-4 below to be consistent with
FORTRAN subscripting practice.

_ 1/2
a; = (L+ T +T,, +Ty,) " %/2

1
dy = (T3, - Tyg)/day

(B-4)
a5 = (Tq5 - T3y)/4a;

Ay = (Tpy - Typ)/4q,

Reference to the expanded form of the transformation matrix from body
to inertial coordinates, Eqg. 2-8, shows that the relations just given for initial-
izing q cannot be used when vaw is 180° and roll is 0° because dy is mero.
Instead, components 2-4 are determined directly from the position of the axis

of rotation: -

q; =0

q, = sin (6/2)
q, =0

q, = -cos (4/2)

The derivatives with respect to time of the quaternion components 9
are computed from the current values of the quaternion components and the

angular velocity components W,



q, = (qzw1 tggw, + q4w3)/2

4, = (=qgey - que, T qgw,)/2

Ay = (Qu@) - 99, - 9y93)/2

(B-5)

9y =lage; a0, - g ug)/2

Starting with the initial values, one computes the derivatives.of the com-

ponents by integrating to time t, at which the new transformation matrix compo-

nents are obtained from

Tll

TZI

Ta

TlZ

TZZ

Tss

T13

T23

Tss

2, 2
1 -2 (q3 + q4)
= 2(q,95 +q;9,)
= 2(q,9, - 9;93)

2 2
1 -2 (qz + q4)
= 2(q3q4 + qlqz)

= 2{q,9, -~ 9;93)

2(azq, - 9;49,)

2 2
1-2 (qz +q3A)

(B-6)


http:derivatives.of

C. NOMENCIATURE FOR APPENDIX B

qlﬁq21q31q4 LRI ]
T

Tll,le LR I I I I

t LRI N N N B ]

X teessssrean
Y Ceeresorean
Z Cesessernas
GREEK

6

wl,wz’ws s 2 s e a s

SUPERSCRIPTS

* 48 08 s s s

components of quaternion

transformation matrix

elements of transformation matrix

time

yaw dependent factor (matrix) of transformation matrix
pitch dependent factor (matrix) of transformation matrix

roll dependent factor (matrix) of transformation matrix

pitch angle (2nd Euler angle)
roll angle (3rd Euler angle)
vaw angle (lst Euler angle)

components of angulay velocity

time derivative (eg. q; = dql/dt)



APPENDIX C

TABLES OF AERODYNAMIC COEFFICIENTS

The tabulated coefficients contained in this appendix are those which have
been used in the trajectory model program to obtain the results presented in
that section. The coefficients in these tables have been smoothed by plotting the
experimentally determined values and fairing with a best fit smooth curve from
which the smoothed values were read, Where coefficients were known to be
zero because of flow field symmetry, the curves were forced through the zero
points. For a further discussion of the aerodynamic coefficients, see

Section III.
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Table C-1. Coefficient Reference Quantities

Configuration Area Length Moment Center
Cylinders Length x Diameter Axial Length Mid-point on Axis
Plank Length x Width Long Dimension Mid-point on Long Center
Line
Car Frontal, § = 0° Overall Length Lower Front Corner on
Lateral Center Line
Van Frontal, § = 0° Overall Length Lower Front Cormer on

Lateral Center Line




Table C-2, Smoothed acrodynamic coefficients in the sub- Table C-3. Snoothed aerodynamic coefficients in the sub-

critical Reynolds Number regime for open-end critical Reynolds Number regime for open-end
cirecular (len./dia = 14.1) in free air. circular cylander (len./dia = 14.1), h/d = 1.6,
lgg)g Cp Cs Cn ch/L lgi}; ¢y Cp % % xcp/L
\
049 .000 . 000 .440‘
5 .060 .022 007 441
10 .076 .050 .12 J442 10
15 .098 .083 . 016 Gb4 15
20 .124 +134 .019 46 20
25 .162 .185 .022 47 25
30 .218 +243 .025 449 30
35 .295 .312 .027 450 35
40 .385 .377 .029 452 40
43 487 +430 .031 +454 45 .085 .570 +455 044 438
30 .598 W45 .033 <456 50 .125 . 700 488 .049 443
35 724 -495 .034 +459 53 .170 .815 496 .054 443
60 .800 422 .035 -461 60 .170 .907 ATL .058 444
65 .857 . 366 .034 +463 65 .135 .970 +420 .059 44
70 .902 .288 032 466 70 .105 1.000 .338 .055 448
75 .937 .212 .028 472 753 .085 1.100 .293 049 455
80 .867 .137 .021 479 80 .070 1.100 .155 .039 b4
85 992 .066 011 . 489 85 .055 1.100 071 .026 476
90 .997 .000 .000 .500 90 042 1.100 .000 +000 500




Table C-4.

Smoothed aerodynamic coeffilcients in the sub-
critical Reynolds Number regime for open-end

cireular cylinder (len./dia = 14.1), h/d = 1.0

éﬁ; 2 G ¢ % ch/L

. 005 049 .000 .000 .425

008 .06k .030 . 005 .427
10 .010 .073 .060 .010 430
15 .015 .095 .100 .016 432
20 ,024 .127 .150 .022 .433
25 .035 .179 .210 .028 V435
30 .050 .230 .272 .033 436
35 .070 .310 .335 .037 WAV,
40 .092 410 .400 .041 “438
45 .120 520 445 044 4y - 540
50 \165 670 .470 047 bt
55 .200 .780 .475 .049 445
60 ,210 .850 455 .051 447
65 .165 .910 .390 051 .450
70 .135 .950 .300 .045 .455
75 .115 .970 .215 .038 462
80 .100 .980 .135 .030 470
85 .090 .980 .065 .015 .485
90 .080 .980 .000 .000 .500

Table C-5. Smoothed aerodynamic coefflcients in the sub-
critical Reynolds Number regime for open-end

eireular cylinder (len./dia = 14.1), h/d = 0.1

éi; S Cp € Cn xcp/L
0 010 .049 .000 .000 .370
5 .013 .052 .031 .010 +371
10 .023 073 .081 .0138 .372
15 .031 .109 170 .028 .373
20 044 157 .215 .036 .375
25 059 +209 275 .030 .376
30 .078 .270 325 .053 .377
35 .105 .339 . 388 061 .378
40 .139 410 400 .069 . 381
45 .183 470 +415 076 .382
50 .227 .560 + 407 .085 .383
55 .269 .610 + 3853 .086 .385
60 .305 .635 L340 .077 . 393
65 L340 645 .275 .065 405
70 .369 650 +215 .053 421
75 +394 .653 .155 . 040 .438
80 412 656 100 027 457
85 <423 .658 043 014 478
90 425 660 .000 .000 .500




Table C-6. Smocthed aerodynamic coefficisnts in the sub- Table C-7. Smoothed aerodynamic coefficients in the sub-

eritical Reynolds Number regime for open-end critical Reymolds Number regime for open-end
cireular cylinder (len./dia. = 36.0) in free air. cireular cylinder (len./dia. = 36.0), h/d=1.6
Jgi% % Cs Gy Xep/L éﬁ; % “ €s € Xep/L
0 .025 000 000 455 0 0 .025 .000 .G00 455
5 .027 013 002 456 0 .029 .017 .003 .456
10 -030 .029 005 456 10 0 .043 035 + 006 . 456
15 .049 .050 .007 457 15 0 057 .063 .008 457
20 .072 .081 010 .458 20 0 .081 .100 012 <458
25 .114 .125 .012 .459 25 0 -120 160 .015 +45%
30 .168 187 015 V460 % % 30 .007 .190 .265 .005 <460
35 .243 .275 017 461, a 35 025 +290 357 .006 461
40 .332 . 35w 020 462 ‘ y 'ﬁ 40 .055 -392 413 .011 1462
45 434 .395 022 463 % EE 45 085 .495 L4635 014 463
50 .550 <417 024 465 O 50
55 .652 \422 .026 £ 466 = B | ss
60 744 .412 .028 466 ™ | 60
65 .816 .366 .030 467 a W | 65
70 .879 289 030 468 70
75 .937 .211 027 472 75
80 .973 136 .021 479 80
85 1.014 .067 011 <489 85
90 1.025 .000 .000 500 90
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Table C-8. Smoothed aerodynamic coefficients in the sub- Table C-9. B8wmoothed aerodynamic coefficients in the sub-

eritical Reynolds Number regime for open—end eritical Reynolds Number regime for open-end
circular cylinder (len./dia. = 36.0), h/d = 1.0 cireular cylinder (len/dia = 3§.0), h/d=0.1

I()i; % % s Cy xcp /L I()qé)g L o Cs o xcp /L

0 .000 .025 .000 . 000 455 Q .06 025 .000 000 V384

5 .000 .029 020 ' 003 456 5 .013 .029 020 .002 . 385
10 . 000 043 042 004 456 10 .020 .043 047 007 .386
15 .000 .052 070 .007 | .457 ' 15 .027 054 . 088 010 .387
20 .005 .076 .105 010 .458 20 040 .083 .130 016 . 388
25 024 «120 + 160 014 +459 25 .056 120 175 .022 .389
30 -065 +185 250 012 460 30 079 .165 L215 028 .391
35 100 . 260 «320 +015 L461 35 107 .210 L 248 .036 .394
40 135 +355 +375 .0l19 462 40 .139 .260 .273 .041 .395
45 165 +460 V417 .023 W463 45 .150 .315 .285 .043 400
50 .185 .565 439 027 465 50 .210 .370 .280 042 407
55 4195 672 447 +030 466 55 . 250 +420 .269 ,040 418
60 +153 790 440 .032 466 60 294 «435 . 240 .035 430
63 W20 885 416 .033 467 65 .335 485 .207 .028 445
70 . 085 .B68 376 033 468 70 .375 .505 L1721 .022 L460
75 068 1.030 320 .031 472 75 406 .527 .125 .016 473
80 055 1.075 +235 026 479 80 425 541 .080 .010 485
85 L0535 1.100 2135 016 .489 a5 433 [ .558 .037 .005 .493
90 .060 1,105 L0000 «000 .500 20 434 .560 . 000 .000 . 500




Table C-10. Smoothed aerodynamic coefficijents in the super-
critical Reynotds Number regime for open-end cir-
cular cylinder {len/dia =14.17), in free arr,

Table C-11. Smoothed aerodynamic coefficients in the super-
critical Reynolds Number regime for opan-end cir-
cular cylinder (len/dia = 14.1), h/d = 0.74,

(¥) ¢ ‘s *n X {p) ¢ ‘s n X
Deg D () (Cm) ep/L Deg D (¢} {c,) cp/l
0 .023 000 000 .358 0 023 .000 .000 . 368
5 026 .027 .009 .358 5 026 .030 810 . 368
10 .036 .065 017 .359 10 .036 .069 017 . 359
15 .054 109 .024 .360 15 .055 13 .024 . 360
20 .082 .156 .032 . 361 20 .085 .165 .032 . 361
25 .125 .215 .040 . 362 25 131 .229 .039 . 362
30 .187 .285 .047 . 364 30 .193 .292 .048 . 364
35 251 .32% .056 367 35 259 . 340 .057 . 367
40 . 328 .366 063 .368 4G . 3490 .379 .064 L3760
45 400 .387 .Q70 .372 45 420 LA06 07 . 374
50 .462 .388 .075 .376 5¢ 475 412 .076 . 378
55 534 370 .078 . 380 55 .585 402 078 402
60 .582 .342 076 .387 60 .638 .361 .078 . 393
65 .615 .285 071 .396 65 .652 .302 070 . 403
70 .625 227 .060 .408 70 .be4d 247 057 419
75 .632 .166 052 422 75 .669 179 .047 .433
80 .635 .110 037 .42 80 .674 17 .033 L4562
85 .637 .058 .021 467 85 .679 .058 017 475
90 .638 .000 .Q00 .500 90 .680 .000 .000 500




Table C-12, Smoothed aerodynamic coefficients in the super-
critical Reynolds Number regime for open-end cir-
cular cylinder (len/dia = 14.1), h/d = 0.29

Table C-13. Smoothed aerodynamic coefficients in the super-
critical Reynolds Number regime for open-end cir-
cular cylinder {len/dia = 14.1),_h/d=0.07"

(v) ‘ s o Koo (+) = o]

Deg D (€.) (c,) Deg €y (c.) (c,) cp/L
|

0 022 000 000 +358 0 020 000 000 360

5 026 ,026 .009 ,358 5 .024 .030 .010 .360
10 .035 .063 .018 359 10 .035 .068 020 .360
15 055 .113 .026 . 360 15 .055 .122 .030 .360
20 087 173 .034 .361 20 ,091 ,189 .038 360
25 135 237 .043 . 362 25 142 <259 046 360
30 .198 .303 .053 . 364 30 .209 .326 054 . 361
35 .264 .346 .062 .367 35 .287 .383 .066 .362
40 .343 386 .068 .368 40 .370 .423 075 364
45 .450 \424 .076 372 45 461 548 086 .366
30 +330 432 082 +380 50 521 446 094 .368
55 .610 “421 .085 .384 55 .555 .421 096 .371
60 637 ,372 087 392 60 584 .379 .092 ,379
65 657 .308 076 406 65 610 ,322 .082 ,395
70 668 \243 055 422 70 .635 .238 .052 416
75 679 182 041 A4 75 B54 176 .035 L449
80 687 121 .027 \461 80 .672 .118 .019 472
85 .693 060 014 (480 85 .687 .061 006 491
90 694 .000 .000 \500 90 692 .000 .000 .500
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Table C-14, Smoothed aerodynamic coefficients for the
plank model at 0° roll angle in free air.

[()t; ) Ce Cn xt:p/ L

i} .034 .000 000 .375

5 036 009 .001 +409
10 038 021 ,002 426
15 L047 037 004 JAL7
20 .058 .054 .007 401
25 071 071 .009 404
30 .088 .087 011 408
35 .108 101 .011 424
40 .133 115 012 431
&5 161 .127 .011 46
50 195 2135 008 466
55 2231 138 007 T4
60 .267 .135 L0053 483
65 . 304 125 .004 488
70 .337 .108 003 492
75 373 .087 .00z 495
80 .395 .060 .001 498
85 409 .030 000 +500
90 415 .000 .000 +500

Table C-15. Swmoothed aerodynamic coefficlents for the plank model at 30°
roll angle in free air.

lgg; L Cp ¢ Ca Ca €y XepiL

000 034 ,000 .000 »000 . 000 .375

.018 .037 .018 .001 .003 . 000 . 438
10 050 044 +056 .002 .006 .000 456
15 126 067 .113 .003 010 .000 .459
20 .230 105 179 007 L015 . 000 . 465
25 L300 .155 .253 .020 .022 -.008 -435
30 +363 .226 +330 047 .030 -.021 .398
35 450 .322 406 +059 .038 -.034 .383
&0 .590 424 458 V060 :047 ~.045 . 389
45 .703 . 514 478 .061, 055 -,056 + 394
S0 693 391 477 L0611 065 =-.065 . 388
55 664 664 V454 ,058 .073 -.072 .383
60 650 .712 413 047 077 -.071 .387
65 661 . 750 360 036 .079 -.065 +400
70 .702 772 .297 .031 076 ~.Q57 413
75 .639 .788 .232 025 » 062 -.046 428
80 +582 .798 .158 020 042 -.033 443
85 2541 +803, .080 +0L0 .021 -. 017 469
90 .522 .802 000 Q08 000 000 .500
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Table C~16. Smoothed serodynamic. coefficients for the plank medel Table C-17. Smoothed aerodynamic coefficients for the

at 60° roll angle in free alr. plank model at 90Y roll angle in free air.
éﬁ; € % Cs Cn o ) xcp/L, éﬁ; p € Ca xcp/L
¢ 000 034 000 .000 .000 .000 2375 0 034 0 0 375
5 017 037 034 .000 006 000 .386 5 .035 .036 .008 .375
10 .038 .050 096 .001 013 000 <394 10 .048 .101 .017 .aTs
15 068 .083 [ -.174 .001 022 000 403 " 15 087 194 .028 .375
20 111 «134 +261 001 033 .000 408 20 149 306 043 .375
25 : 171 .209 354 .002 .045 -.001L 415 25 .235 418 059 376
30 -244 .316 449 002 .057 -.004 416 30 . 340 .532 079 .373
35 .323 470 .578 006 .060 -.007 -420° 35 -481 632 103 +370
40 437 612 +667 2010 .084 -.011 422 40 .639 715 121 374
45 492 722 .703 014 .097 -.016 [-.417 45 807 . .757 .136 .377
50 .532 .812 693 015 .107 -.021 [-.412 30 940 763 146 .382
55 580 .905 654 015 £115 ~.026 410 ¢ 55 1.115 .752 133 . 387
60 648 1.010 . 600 016 .120 -.031 410 60 1.253 .720 154 .393
65 720 1.059 «518 .016 116 -.034 415 63 1.360 651 145 <404
70 759 1.077 413 .015 .097 -.035 429 70 1.397 537 .121 419
-75 .760 1.084 . 305 .012 072 -.430 439 75 1.416 .377 .083 443
80 .761 1.088 <209 .009 049 1,033 458 80 1.424 .234 053 463
85 .762 1.090 104 .008 -024 -.017 474 85 1.426 .110 025 482
%0 762 1.092 .000 008 .000 k.000 .500 20 1.426 0 0 500
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Table C-18. Smoothed aerodynamic coefficients for the Table C-19. Smoothed aerodynamic coefficients for

plank model at 09 roll angle, 0.725 plank the plank model at 0° rol1 angle, 0.500
widths above ground plane. plank widths above ground pTane.

égg; CL Cp Cs ¢ ch/L [()zg) ¢ Cp Cs C, ch/L

0 .000 .035 .000 000 | .360 0 .000 027 .000 .Q00 .360

] .004 .037 Q12 .002 .375' 5 .004 .030 006 002 .375
10 .014 .040 .025 003 .387 E% %% 10 .014 L035 { .0719 .003 .387
15 .020 .050 .040 .006 . 399 §§ 15 .020 045 .032 .006 .399
20 024 062 .057 .008 . 409 EE & 20 .027 .056 .050 .008 409
25 .027 .078 .075 .010 418 z,?i 25 .040 074 .068 Q10 .418
30 032 | .103 | .095 | .012 | .427 28 30 050 | .096 | .085 | .012 |.427
35 .036 .130 .118 012 436 ;2 ﬁ% 35 057 123 .106 012 ..436
40 .031 .162 .138 .012 444 Ei 7 40 .057 152 120 .012 444
45 017 .195 L1562 011 452 45 .052 .182 . 135 011 452
50 .000 .230 162 01 .458 50 .040 .215 142 .01 .458
55 -.025 .270 .166 .010 465 55 013 .250 144 .010 465
60 -. 082 .310 157 .008 473 60 -.035 .285° .138 .008 ' 473
65 | --090 .350 .145 007 .480 65 - 110 .329 .132 . 007 .480
70 -.140 .390 . 126 .005 .486 ., 70 -.173 . 360 112 005 486
75 -.205 .420 . 106 .003 .492 75 -.230 . 388 .090 .003 492
80 -.260 .443 .075 .002 496 80 -.272 .410 .070 002 .496
85 -,290 .460 .040 001 .498 85 -.305 425 .040 .001 .498
90 -.304 . 465 .000 .000 .500 90 -.327 430 .0o0 .000 .500
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Smoothed aerodynamic coefficients for the plank model at 0°

Table C-20.
roll angle, 0.083 plank widths above ground planme.

ég; CL, ‘p Cs Cy Cn ch/L
0 .000 .028 .000 .060 000 .357

5 005 .030 .005 .010 .002 .370
10 013 .035 .019 .022 .004 .382
15 .027 +045 034 D044 .006 .391
20 .051 .055 .050 .067 .009 400
25 .085 ’.067 .068 .090 012 409
30 L121 .086 .085 .118 .013 416
35 160 .109 . .105 | .145 D14 424
40 .193 <135 A L | 176 .015 430
45 .206 167 135 .210 .015 437
50 .210 . 200 42 .240 014 443
55 .205 .230 .143 .270 .013 .450
60 .195 .262 .138 .298 .012 456
65 177 .298 127 324 .011 464
70 156 +325 <112 . 345 010 472
75 .135 . 345 .093 .361 .008 477
80 .125 +365 .070 374 .006 484
85 115 375 .040 .382 .003 492
920 114 . 382 .000 .385 .000 .500
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Table C-21,

Smoothed aerodynamic coefficients for the plank

model at 30° roll angle, 2.0 plank widths above
ground plane.

ét; cL CD Cs Cm Cn C£ XCP/L
.000 .030 .000 .000 .000 000 | .375
.018 .033 024 001 .003 000 | .430
10 0606 047 .065 .002 .006 L0000 | (450
15 .130 073 111 .003 010 .000 | .460
20 225 .110 170 007 L0115 | -.003 | .460
25 .320 J60 [ L240 016 021 | ~.010 | .435
30 .400 .229 .320 034 028 [-.020 405
35 .490 .310 .386 .050 ,037 [-.031 |.390
40 .580 J408 445 .055 045 | -.042 .385
45 700 510 +482 .057 .052 |-.055 .385
50 .695 .583 484 .057 .058 [-.064 | .386
55 .682 .653 460 .053 063 (-.069 .388
60 .676 715 L4628 048 066 | -.070 | .394
65 .695 . 750 .385 .035 .068 -.066 403
70 .725 775 .330 .026 069 | -,057 L416
75 700 .790 .260 .019 062 | -.045 432
80 645 .799 .182 014 045 | =-.032 .455
85 .595 . 804 .95 .010 024 -,016 477
90 583 .806 .000 .008 .000 .000 { .500

1
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Table C-22,

Smoothed aerodynamic coefficients for the plank

model at 30° roll angle, 0.033 plank widths

above ground plane.

éz; CL % Cq Cm Cn Cy Xcp/L
.000 .030 .000 000 .Q00 .000 . 375
.033 .033 .037 004 .006 . 000 376
10 .103 047 .087 W01 012 [-.001 . 385
15 .205 075 146 .020 .018 §j-.005 .387
20 .316 .120 L225 .033 025 §-.013 . 385
25 442 185 320 .050 033 .024 .380
30 572 .270 415 069 044 | -.040 .375
35 691 . 370 488 .086 .058 [-.080 .363
40 .890 486 550 .097 075 |~.087 .357
45 875 .605 .560 101 .090 |-.105 +355
50 .950 694 V356 .097 100 |-.116 .358
55 .953 754 522 084 .107 |-.119 . 367
60 .930 790 470 .058 .107 [-.107 .381
65 .845 817 410 .034 064 (-,071 . 395
70 .833 840 L343 021 .052 |-.057 414
75 .826 .850 270 014 041 |-.045 .432
80 .823 860 .186 .009 .029 |-.032 455
85 .819 , 866 .095 0035 015 |-.016 477
20 L815 .868 .000 004 .000 .000 . 500




Table C-23, Smoothed aerodynamlc coefficients for Table C-24. Smoothed aerodynamic coefficients for the

FI-D

the plank model at 90° roll angle, 1.71 plank model at 90° roll angle, 0.083 plank
plank widths above ground plane. widths above ground plane.

ﬁié. CL “ Cs ® Xep/L ;Z; L ) Cs €a Xep/L
0 .000 .020 .000 .000 .323 0 .005 .018 .000 .000 .280
5 .004 .025 .040 .006 .342 5 .023 .038 .050 .02 290
10 .010 040 L1110 .016 .360 10 .060 .075 .130 .025 .325
15 .020 .080 .190 .027 .368 15 .076 135 +240 .038 . 360
20 .035 «146 .290 .041 372 20 .082 .213 .380 .052 .377

25 047 | .238 .400 .059 .372 . 25 .075 .317 542 .068 .390°
30 .053 340 .503 .07¢9 .372 30 042 459 .739 .087 .396
35 054 | 475 630 .101 .372 35 -.022 +640 . 895 .122 +393
40 .051 .632 | .718 122 .373 40 -.060 .830 L941 «155 .376
45 046 . 800 770 .136 .375 45 -.075 .981 .940 175 .370
50 041 .990 .785 145 .380 50 -.091 1.092 .900 +179 374
55 .032 1.125 770 .150 .386 " 55 ~,104 1.174 . 820 .170 .387
60 .020 1.250 .730 151 .394 60 -.113 1.225 721 091 .425
65 .0L4 1.342 .655 144 407 65 -.120 1.265 .618 .071 445
70 .007 1.405 548 122 423 70 -.124 1.305 .505 .054 -460
75 004 1.436 . 400 .080 448 75 ~.127 1.338 .390 .040 473
80 .00 1.445 249 049 470 80 ‘ -.1&9 1.368 .265 .026 483
85 .000 1.450 .118 .023 . 487 85 -.131 1.386 .132 .013 493
0 000 1.450 .000 .000 . 500 90 ~.130 1,390 .000 .000 .500
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Table C-25.' Automobile model, side mounted in

free air.

éi; CD CB Cn
0 497 -.184 .195

540 L184 089

10 .690 .567 -.037
15 .883 1.016 -.235
20 1.169 1.412 -.406
25 1.470 1.763 -.595
30 1.830 1.996 —.780
35 2.264 2,176 ~.964
40 2.641 2.350 ~1.147
45 3.030 2.451 -1.315
50 3.318 2,434 -1.449
55 3.615 2.345 =1.561
60 3.804 2.210 -1.625
65 3.945 3.028 -1.711
70 4,542 1.998 -2.069
75 4.884 1.895 ~2.232
80 5,022 1.360 -2.279
85 5.040 .763 -2.326
90 5.050 =2.376

041

Table C-26, Automobile model, roof mounted in free air,
éi; CL CD Cs Cm Cn CR
0 .302 497 .000 .238 .000 .000
5 .315 522 .160° .238 | -.060 .011
10 .330 ,630 294 .238 1 -.123 046
15 .320 .750 .455 0236 | ~.194 062
20 .288 .910 .580 ,226 | -.270 .078
25 .256 1.083 .682 .212 | -.354 .091
30 217 1.210 . 764 ,186 | ~.450 .101
35 J167 | 1.380 . 848 -.154 | -.558 .102
40 .098 1.570 .978 .109 | -.694 .110
45 L049 | 1.919 1.219 ,050 | -.883 112
50 .032 2,230 1.334 L010 | ~1.045 .110
55 052 | 2.353 1.340 .038 | ~1.068 .107
60 L072 | 2.370 1.279 .052 | -1.060 .100
65 .056 | 2,380 1.166 .038 | -1,048 .078
70 .014 2.370 1.034 1,018 | -1.040 .027
75 -.043 | 2.360 874 .068 | -1.038 | -.037
80 -.113 | 2.350 .688 .102 { -1.040 | -.095
85 -.219 2,340 . 488 120 | -1.054 -.156
90 -/350 2.330 .276 .114 | -1.078 -.232
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Table C-27,

Automobile, rear mounted in free air

égé CL | D Cs m n 1

0 435 4.932 .000 2.347 .000 .000

5 .539 4.939 .200 2.341 .020 017
10 .548 4.619 420 2.128 .013 .018
15 425 4,512 .569 2.126 .005 034
20 273 4,641 .658 2.254 .001 .053
25 147 4,653 .742 2.225 .009 184
30 047 4.681 .780 2.248 .005 .213
35 -.013 4,622 .823 2.235 .020 .237
40 -.042 4,488 .835 2.147 .022 .259
45 -.037 4.271 .851 2.046 .031 277
50 0 4.125 L840 1.936 .003 .296
55 .033 3.815 .826 1.8086 .018 .307
60 .052 3.557 .719 1.666 044 .285
65 .073 3.206 .555 1.517 .066 .230
70 .085 2.896 .326 1.348 .099 .133
75 .104 2,564 .001 1.188 .136 .009
80 .199 2,233 527 1.075 172 344
85 .373 2.308 .059. 1.043 164 .409
90 .388 2.287 .393 1.028 .125 .123




Table C-28.

Full-Scale Automobile (1974 Dodge Dart), Bottom

Mounted in Free Air

dng CL GD CS Cm Cn Cl
0 . 420 0.54 0. 020 -. 230 . 018 -. 015
5 . 448 0. 56 0,158 ~. 240 . 040 . 033
10 . 588 0.68 0,272 -. 325 -. 107 . 090
15 . 690 0.78 0. 373 -, 390 -.170 . 143
20 .682 0.96 0.440 -.385 -. 224 .188
25 . 649 1.11 0. 487 ~. 340 -, 290 . 224
30 . 578 1.25 0. 533 -. 282 -.362 . 258
35 . 553 1.38 0. 566 -. 246 -. 428 . 290
40 . 587 1.53 0. 586 -, 220 -. 512 . 319
45 .656 1.66 0. 600 -, 200 -. 586 . 338
50 . 710 1.78 0. 007 -. 164 -.654 . 350
55 .672 1,87 0.616 -. 102 - 722 . 353
60 .606 1.95 0.612 -, 035 -, 790 . 350
65 . 555 1.99 0.582 . 032 -. 836 . 332
70 .516 2.01 0. 530 . 085 -. 860 . 304
75 . 491 2.03 0,452 . 137 -. 886 . 267
80 . 457 2,08 0. 340 . 162 -. 917 . 202
85 . 282 2.15 0.165 . 180 -. 960 . 052
90 -. 317 2,28 -0, 020 . 182 ~-1.020 -. 185




Table C~29., Full-Scale Automobile (1974 Dodge Dart}), on Ground
a = 0"bottom mounted

dqég Cq Ch Cq C., Cn Cl

0 0 0. 58 0 -, 242 0

5 .635 0.65 .203 ~-. 255 -. 081 . 045
10 . 790 0,73 . 379 -, 346 -, 144 . 100
15 1.106 0. 89 . 454 -. 527 -, 197 . 168
20 1,100 1.09 . 495 -. 489 -. 245 . 236
25 1.150 1.23 . 530 -.491 -.312 .314
30 1,264 1,64 . 564 -. 509 -, 383 . 393
35 1.404 1.52 . 569 -. 515 -, 474 . 475
40 1,570 1,63 .618 -. 503 -. 568 . 572
45 1,740 1.74 . 640 -.476 -, 683 . 687
50 1,865 1.87 .665 -, 426 -. 800 . 770
55 1,718 2.03 .679 -. 329 ~. 903 . 689
60 1.508 2.19 . 683 -, 217 -.990 . 604
65 1.350 2.28 670 -. 128 -1.048 . 583
70 1,255 2.37 .603 -. 044 -1.094 .608
75 1.280 2.43 .436 +.027 - | -1,140 . 660
80 1.304 2. 50 . 270 +. 082 -1.179 . 670
85" 1.238 2.53 . 128 +.136 ~1,218 . 589
90 1.122 2. 55 -. 007 +.177 | -1.252 . 463
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Table C-30.

Full-scale Automobile (1974 Dodge Dart), on Ground,
a = 5 bottom Mounted

b
deg L Cp Cs Cm Cn Cy
0 0.770 0.66 0, 000 . 317 0, 000 a, 000
5 0,834 0.72 0.187 . 374 0,063 0,030
10 1.102 0. 85 0.312 . 526 0.113 0,100
15 1.415 1,07 0. 394 .667 0,157 0.182
Table C-31, Full-scale Automobile (1974 Dodge Dart), on Ground,
@ = 10°bottom Mounted

A
deg CL CD CS Cm Cn Cl

0 1.136 0. 86 0. 000 517 | 0.000 0. 000
5 1.255 0.95 0.198 . 589 0. 056 0.026
10 1.510 1.05 0, 369 . T27 0.098 0,104
15 1.800 1.19 0, 522 . 888 0,114 0, 235
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Table C-32. Van model,.roof mount

15':;); Cy o Cs Gy Gy ¢ fop/L

¢ 019 440 000 =-.048 PO 000 405

5 =-.007 504 270 ~.032 =-.113 045 +400
10 ~.067 661 499 .010 —:200 076 +391
15 -.16% 836 735 -068 =326 097 .390
20 ~-.27% 1.073 944 .134 -.474 L103 .389
25 -.374 1.282 1.146 .172 ~.588 .095 .389
30 ~. 489 1.497 1.307 .196 -.713 094 388
35 -.611 1.803 1.3%0 .334 —-. 840 049 +390
40 -.746 L.981 1.486 379 -.960 050 .393
45 ~.458 2.015 1.542 .330 -1.026 .117 400
50 -.272 2.101 1.539 242 -1.090 252 411
55 -.017 2.244 1.536 .236 -1.158 . 366 425
60 L3346 2.2397 1.534 .134 -1.222 .539 436
65. .558 2.330 1.510 188 ~1.270 649 1%
70 677 2.623 L1.452 2260 ~1.306 deb 446
75 698 2.734 1.345 330 ~1.338 651 JA455
20 .690 2.798 1.194 .388 -1.360 558 468
85 1655 2.832 .926 04 ~1.380 478 485
90 .627 2.840 102 433 -1.386 37 . 500

Table C-33,

Van model,

side mount

)
Dag CD CS Cn
b 120 -.043
547 .337 ~.126
10 680 549 -. 2.7
15 .881 816 -.347
20 1.088 .979 - 445
25 1.249 L.052 =514
30 1.409 1.076 -.595
33 1.559 1.101 -.664
40 1.702 1.126 -.737
43 1.805 1.148 -.788
50 1.931 1.190 ~.843
35 2.114 1.268 -.998
60 2.326 1.334 =1.210
65 2.500 1.338 ~1.229
70 2.630 1.297 -1.236
75 2,688 1.118 =1.294
80 2.736 .242 -1.378
85 2,770 -.391 -1.464
90 2.798 =-.575 -1,527




Table C-34. Van model, rear mount

ISZL L s cs S %n c.l
0 1 023 2 800 D00 1.813 Qoo =000
5 1.066 2 810 -.321 1.813 045 - 044
10 101} 2.848 - 317 1813 073 -.072

15 830 2 940 -.308 1.872 12 -.105
20 875 3.064 ~.256 1.970 172 - 18
25 LRER 3.235 - 2105 712 - 125
30 LT3 3.312 - 174 2 154 274 -.120
335 632 3.323 -.123 2.170 333 -.107
40 822 3 366 042 2.152 382 - 087
45 605 3 372 “.017 2 074 430 - 052
50 .57 3 287 012 1926 483 -.024
55 534 3.120 J05E 1.740 497 012
60 451 2 934 137 1.590 .521 043
65 617 2 779 222 1.450 .540 .088
70 358 2,612 416 1.342 560 181
75 291 2.438 870 1.27L 577 L 440
80 227 Z 337 1517 1.325 580 84S
85 136 2 689 750 1 720 586 490
90 00D 2.79) 000 1200 588 .37
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APPENDIX D

USER MANUAL

This appendix describes the software input and the output specifications
for the simulation of wind field and trajectory relating to tornado-propelled
objects. The documentation is consistent with the input/output constrainks of

the simulation software for the UNIVAC Model 1108 Computer System. *

The discussion that follows relies on notational and reference conventions

documented in Section IL
A, INPUT/FORMAT SPECIFICATIONS

a, General Program Execution Rules and Default Options, Each

simulation or case requires at most six categories of input information, The

possible input categories for a simmlation project are:

1) Case identifier (required for each simulated case)

2) Parameter read configuration control (required for each
simulated case)

3) Tornado description parameters (required for first simulated
case; optional on subsequent cases)

4) Rigid body description parameters (required for first simulated
case; optional on subsequent cases)

5) Integration function parameters {optional; may be included for
any desired case)

6) End execution flag (required at end of simulation packets/packet)

*This user manual for the computer program for tornado-propelled objects was
prepared by Barnett C. Fletcher and revised by John R. Radbill.
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Specific information regarding the form and content of each of the above

categories is contained in paragraphs b, through o.

Input for each case simulation can be regarded as a data packet
containing combinations of parameter inputs to be considered, As many case
simulation packets as desired will be executed until the end execution flag is

encountered.

Each case simulation packet must contain a case identifier and parameter

read configuration control,

The first case simulation of each independent program execution must
be initialized, Therefore, the first case packet must contain information
parameters for the tornado and rigid body specifications, Subsequent case
simulations of a particular execution will continue to use the tornado and rigid
body parameters until the program is told to read new parameters via the

configuration control image.

Default options are provided for the integration parameters used during
the simulation, Therefore, the integration parameters need not be included
in any data packet. Change in the integration parameters may be accomplished
for any case by changing the read configuration control and including the data
in that particular data packet, These integration parameters will continue to

be used until the user supplies the next desired change,

The total data input for a particular program execution will then consist
of one or more data packets; one packet is required for each case simulation
to be considered. The end of execution flag is included only after the last

simulation packet.



The following discussion will explain in detail each data input card
comprising a simulation case data packet. These input cards are discussed

in the order necessary for program execution,

b. Case Documentation Header Card. This card is required for each

case simulation packet to be executed,

Function: To provide output documentation reference for each
simulation case

Format: Any combination of FORTRAN readable print characters
desired in a field comprising colums (1-72)

Example: CASE 503, 12IN PIPE, YAW=90, PITCH=45, ROLL=0,
DATE, ETC,

c. Read Configuration Control Card, This card is required for each

case simulation packet to be executed,

Function: Provide a logical variable string: this card controls
input of subsequent card inmges, and certain optional
output and therefore should contain a logical true (T)
to obtain the listed action, A logical false (F) should

be set for cards not provided and actions not desired,

Format: L1, T, or F in card columns 9, 18, 27, 36, 45, 54,
63, 72,
Example:
Card Internal Input Acrion
Column Mnemonic Value Obtained
9 RDTORN T Read tornado parameters
18 RDBDYP T Read body dimensions
27 RDINRT T Read and compute weight
¢c,g. and inertia tensor
36 RDAERO T Print aerodynamic coef-
ficients and sign data
45 RDINTG T Read integration parameters
54 RDABER T Read state variable accuracy
63 RDINIT T Read initial conditions for

rigid body



72 PLOT T Write state variables on
FORTRAN file 3 at each
print step for plotting
by other programs

d, Option Control Card. This card is required for each case

simulation packet to be executed.

Function: Provide a logical variable string; this card confrols

input/computation and print options

Format: L1, T, or F in card columns 9, 18, 27.
Example:
Card Internal
Column Mnemonic True Control
9 CYLNDR Read aerodynamic data in format

for ¢ylinders., Compute aero-
dynamic forces and moments
using cylinder formules

18 PRTORN Print intermediate variables
in tornado wind field
computation

27 PRINTV Print internal variables in

trajectory computation

%e. Tornado Parameter Cards. (1)
Function: Provide a floating point value string for the
following variables.
Card Echo Print
Columns Format Mnemonic Description Units
First Card
(1-8) FB.6 RIMILE The radius of maximumvelocity mi
{9-16) FB8.6 LATDEG L atityde deg

(l)This information is required for at least the initial 'simﬁ}atién packet of
a particular execution. It should be included in any data packet requiring
a subsequent change.



(17-24)
(25-32)
(33-40)

(41-48)

(49-56)

(57-64)
(65-72)

(1-8)

Card
Columns

(1-8)
(9-16)

{17-24)

g.

F8.6
8.6
8.6

F8.6

FB8.6

F8.6
F8.6

F8.6

Rigid Body Dimension Car

VMXMPH

UTCMPH
VTCMPH

XTCMIL
YTCMIL

NUF ZPS
ALPHAF

BETAFT

Maximum trangential velocity
at RIMILE

'x" velocity component of
tornado center

'y! velocity component of
tornado center

Initial 'x' coordinate of
tornado center relative to
an arbjitrary origin

Initial 'y! coordinate of
tornado center relative to
an arbitrary origin

Eddy viscosity of ambient
air

Near-ground vertical

scale

Upper vertical scale

d.(l)

Format

F8.6
FB8.6

F8.6

4
L4

Echo Print
Mnemonic

BDYLFET
BDYDFT

BDYTET

Description

Body length, L

Body width, w or diameter d
if CYLNDR=T

Body thickness, h (not
required if CYLNDR=T)

Rigid Body Component Inertial Description (2-10 cards). (

Function:

Special Note:

Units

ft
ft

ft

)

Provide a floating point value string for weight, cg

location and inertia tensor components about their

own axes of 1 to 10 components of the rigid bedy.

Reading of component Inertial Description cards

is terminated when 10 cards have been read or when

0. is detected in columns (1-7).



Card
Columns

(1-7)
(8-28)

(29-35)

(36-42)
(43-49)
(50-56)
(57-63)
(64-70)

Card
Columns

(1-48)
(49-51)

(52-54)

(55-57)

(58-60)

(61-66)

(67-72)

Format

F1.1
3F7.1

¥FT7.1

F7.1
F7.1
F7.1
Fr1.1
Fr.1

Internal
Mnemonic

wP
RCG

ITPF2(1, 1)

ITPF2(1, 2)
ITPF2(1, 3)
ITPF2(2, 2)
ITPF2(2, 3)
ITPF2(3, 3)

Description Units
Body component weight ib
Body component center of ft
gravity location relative
to Body reference location
(3 component vector)
'xx! element of component b *ft2
inertia tensor relative
to component cg
'zxy! element Ih¥ft2
'xz! element 1h#ft2
'yy! element 1b#£E2
'yz! element b*ft2
'zz' element 1b#£t2

Aerodynamic Coefficient Liabel Card. (1)

Function:

Format
8A6
13

13
13
13

F6.1

Fb6.1

Provide a value string for the following alphanumeric,

integer and real variables of types specified by the

formats,
Internal
Mnemonic
MODEL,
NA

IPA

NP

Iry

CNXZAV

CNXZAV

Description

Alphanumeric description of aerodynam-
ic form

Number of pitch angle entries in coeffi-
cient table NA <19 = NA default
Number of points used in interpoclating
in pitch angle table, IPA <NA,

IPA default = 2,

Number of roll angle entries in coeffi-
cient table, NP £ 4 = NP default

(not used if CYLNDR=T)

Number of points used in interpolating
in pitch angie table. IPP < NP

IPP default = 2 {not used if CYLNDR=T)
Average normal force coefficient for xy
face used in computing damping moment
coefficient about y axis (not used if
CYLNDR=T)

Average nérmal force coefficient for xz
face used in computing damping moment
coefficient about z axis (not used if
CYLNDR=T)



. Aerodynamic Reference Area and Air Density Card, (1)

Function: Provide a floating point value string for the aero-

dynamic reference area and air density as specified

below.
Card Internal .
Columns Format Mnemonic Description Units
(1-6) F6.2 AREFF2 Reference area for aero- £t2
dynamic coefficients
AREFFZ default = L¥w 5
(7-12) Fé6.2 RHOLF3 Air density, Default ib/ft
RHOLF3 = 8,07223x10-2
(13-18) L6 PRAROF Print control for inter- = -----
mediate aerodynamic force
variables
j- Aerodynamic Coefficients for Cylinder (NA cards) for Case When

CYLNDR=. TRUE, 1)

Fuanction: Each of the NA £19 cards provides a floating point

value string for the aerodynamic coefficients specified

at the pitch angle specified.

Card Echo Print )
Columns Format Mnemonic Description Units
(1-6) Fb6.4 ALPHA Pitch Angle, o deg
{(7-12) F6.4 CD Drag Coefficient CD unitless
{13-18) F6.4 CL Lift Coefficient C1, unitless
(19-24) F6.4 CM Moment Coefficient Cyny unitless
(25-30) 6.4 CMQ Damping Moment Coeffi- unitless
cient Cmq
k. Aerodynamic Coefficients for Rectangular Parallelpiped (Bodies

with Three Perpendicular Planes of Symmetry) (NA*NP Cards)
for Case When CYLNDR=. FALSE, (1)

Function: Each of the (NA £19)¥ NP < 4) cards provides a
floating point value string for the aerodynamic coeffi-

cients specified at the pitch and roll angles specified.
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As a group, the cards form a two variable table as a
function of pitch (row)} and roll (column) angles in
FORTRAN order.

Card Echo Print
Columns  Format Mnemonic Description Units

(1-10) ¥F10.3 CL Lift Coefficient, Cy, unitless

(11-20) ¥i0.3 Ch Drag Coefficient, CD unitless

(21-30) Fl10.3 CS Side Force Coefficients, Cg unitless

{31-40) F10.3 CM Pitching Moment unitless
Coefficient, C

(41-50) F10.3 CN Yawing Moment unitless
Coefficient, C,

(51-60) Fi0.3 CLI, Rolling Moment unitless
Coefficient, C 0

(73-74) F2.0 ALPHA Pitch Angle, o deg

(76-77) F2.0 PHI Roll Angle, ¢ deg

1. Integration Parameter Card, This card is not required for any

particular case simulation packet. Default values are provided internally.

Function: Provide a floating point value string and one

integer for the following variables.

Card Internal Default
Columns Format Mnemonic  Values Description Units
(1-8) F8.6 H 10-2 Initial Step Size sec
(9-16) F8.6 DELT 10-1 Output Print sec
Interval
(17-24) FB.6 TFINAL 10.0 Maximum time sec
{25-32) I8 MXSTEPR 20 Maximum number

of steps before
output print
(38-80) BLANK

m. State Variable Accuracy Card. This card is not required in any

particular case simulation packet. Default values are provided internally.

Function: Provide a floating point value string for the following
variables. These variables represent Absolute Error

on integration accuracy.
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Card Internal Default
Columns -Format Mnemonic -Values Description
(1-6) F6.3 EP (1) “10-2 Absolute error on Linear
Velocity
(7-12) F6.3 EP (2) 10-2 Absolute error on tornado
: center with respect to orgin
(13-18) F6.3 EP (3) 1072 Absolute error for Quaterion
Componerits
(19-24) ¥6.3 EP (4) 10-2 Absolute error on 'x' Compo-
nent of Angular Momentum
(25-30) F6.3 EP (5) 10-2 Absolute error on 'y' and 'z!
Components of Angular
Momentum
n. Rigid Body Initial -Conditions (2 Cards). (1)
Function: Provide a floating point value string for the following
variables,
Card Internal
Columns Format Mnemonic Description Units
(1-8) ¥8.6 XFT 'x' Coordinate of Rigid Body ft
injection point '
(9-16} ¥8.6 YFT 'y! Coordinate of Rigid Body ft
' injection point
{(17-24) F8.6 ZET 'z! Coordinate of Rigid Body ft
o L. . _injection point
(25-32) F8.6. UMPH 'x! Component of Rigid ‘Body mph
I T - 1n1t1a1 velocity
(33-40) F8.6 VMPH y! Component of Rigid Body mph
) initial velocity
{41-48) FB8.6 WMPH 'z' Component of Rigid Body mph
’ : initial velocity
(49-56) F8.6 PSIDEG Yaw Angle deg
(57-64) F8.6 THETDG Pitch Angle deg
{65-72) F8.6 PHIDEG Roell Angle deg -
Special Note: Body Reference Axes are parallel to inertial axes.
wik RIGID BODY INITIAL CONDITIONS - CARD 2 =
(1-8) F8.6 ‘OMXRPM x' Component of Angular rpm
. : Veloc:tty'
(9-16) F8.6° OMYRPM y' Component of Angular rpm
, Velocﬂ:y
(17-24) F8.6, OMZRPM Iz' Component of Angular“ TpIn

Velocity
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0. End of Execution Card. This card is required to terminate

program execution, It is to be included only at the end of the desired number

of simulation cases provided by the user. (i.e., the last card in a data deck.)

Function: Provide a unique integer value flag to terminate

program execution.

Card
Columns Format Explicit Input Required
(73-77) 15 99999

B. OUTPUT OF SIMULATION

The initial output for each case simulation of a tornado-driven rigid

body may be divided into three subsections.

(n Input Echo
(2) Rigid Body dynamic parameters at the user specified
print interval

(3) Additional interval variables (if PRINTV=. TRUE.)

a. Input Echo. FEach case simulation provided by the user is
documented on output. The documentation begins with an echo of the header

message provided by the user and as documented in paragraph A.b.

The remaining initial value information regarding the tornado, Rigid
Body and integration parameters is also printed for user convenience. The
variable names associated with the printed values may be cross-referenced

with the mnemonic lists contained in paragraphs A.c. through A k.

b. Rigid Body Dynamics. An example of the rigid body dynamic

variable information is shown below. This example is an arbitrary selection
from a sarnple output listing, An actual output would contain a series of
these specifications; they would be printed according to the user specified

print interval.
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TSEC=.650000, HSEC=.039954

XFT=4.2, YFT=4.6, ZFT=128.6

UFPS=19.5, VFPS=17.4, WFPS=-3.2

OMXRPS=-.135, OMYRPS=-.421, OMZRPS=-,422

YAW=~134.3, PITCH=39.5, ROLL=9.3, RXYFT=6., SPDFP$=26.4

The definitions of the printed variable names are listed below.

Variable

Name Description Units
TSEC Time from injection (at intervals of DELT) sec
HSEC Interval determined by Step Size sec
XEFT ! Coordinate it
YFT 'y! Coordinate ft
ZFT 'z' Coordinate it
UFPS 'x' Component of Linear Velocity ft/sec
VFPS 'y! Component of Linear Velocity ft/sec
WEPS 'z! Component of Linear Velocity ft/sec
OMXRPS 'x! Component of Angular Velocity rev/sec
OMYPRS 'yv! Component of Angular Velocity ' rev/sec
OMZRPS 'z! Component of Angular Velocity rev/sec
YAW Yaw Axis ('z') Angle deg
PITCH Pitch Axis ('x') Angle deg
ROLL Roll Axis {'y') Angle deg
RXYFT Trajectory Ground Distance with respect to ft

orgin
SPDFPS Velocity of Rigid Body along trajectory ft/sec
c. Additional Internal Variables Printed if PRINTV=. TRUE. An

example of the additional internal variable information which is printed at
each time step following the output described in paragraph B.b.
is shown below. This example is an arbitrary selection from a sample

output listing which follows the output shown in paragraph B.b.

VWIND=246.7 31.5 26.9, ALPHAW=.0 65.9 47.7, CMEGAW=.080 .5%96 -.112
VWREL=233.4 19.6 29.1, FW=11426.7 .0 5709.0, FI=10455.8 4613.7 1105.4
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The definitions of the printed variable names are listed below,

Variable .

Narmne Description Units
VWIND . Wind velocity vector ft/sec
ALPHAW Angles between body and relative wind deg

direction: yaw, piteh, roll
OMEGAW . Angular velocity vector of body in wind rev/sec
coordinates
VWREL Relative wind velocity vector ft/sec
Fw + Aerodynamic -force vector in wind coordinates lb
FI Total force vector in inertial coordinates Ib
d. Instantaneous Aerodynamic Coefficients for Cylinder., Printed if

PRINTV=, TRUE. and CYLNDR=, TRUE,

An example of the instantaneous aerodynamic coefficients which are
printed at each time step following the output described in section

is shown below. .
CD=1.045, CL=.021, CM=.004, CMQ=—~.174

The definhitions of the printed variable names are listed below.

Variable
Name Descripticon Units
CD Drag Coefficient, Cp unitless
Lift Coefficient, Cr, unitless
Moment Coefficient, C unitiess
Damping Moment Coefficient, Cmq unitless
e. Instantaneous Aerodynamic Coefficients for Body with Three

N

Perpendicular Planes of Symmetry. Printed if PRINTV=, TRUE. and CYLNDR
=. FALSE,

An example of the instantaneous aerodynamic coefficients which are
printed at each'time step following the output described in paragraph B.e.

is shown below.

D-12



CD=4.049, ©S8=.000, CL=2.023, CMROLL=.0Q0, CMPITCH=.523, CMYAW=.000

The definitions of the printed variable names are listed below.

Variable
Name Description Units

CD Drag Goefficient, Cp unitless

CSs Side Force Coefficient, Cg unitless

CL Lift Coefficient, Cr, unitless

CMROLL Rolling Moment Coefficient, Cg unitless

CMYAW Yawing Moment Coefficient, C,, unitless
f. Qutput for Termination of Trajectory. The output for termination

of the trajectory is the same as that obtained at the specified print interval
except that the variables correspond to the time when the termination condition
is satisfied. The current terminating condition is ZFT = 0. This specification

can be modified as desired by changing the subroutine TERMIN.



APPENDIX E

COMPUTER PROGRAM LISTINGS

This appendix contains listings of the computer program for the trajectory
~model of Section V. The program consists of a main program and a number of
subroutines in the FORTRAN V language for the UNIVAC 1108 computer at JPL.



111, ,MAT/0=-2a=77

o MaIN PRaGaAll FOR SIAULATIQN OF TORMNADO DRIVEN MISSILES HAINGDID
[ PORTABLE ERSIOM DESIGIeD TO SATISFY pilonT YERIFIQR HAINDQ2Z2D
[ *CG AND ApH0 MOMEMT CELifTpR daY BE O1SPLACED By RCG KAINDOD3N
c JuR,RanpilL, JPL, SeCr.3%0, Maly 125-128, PHUONE (233} 354-2989 MA[NOQHQD
C " *T'STARFED 5-29-7%, LA<T CHANGE 31-20-77 1410 HANDOSO
C_-,, ettt a st st et oSNttt LivesstopstaNansasVanstanntarnesalAINQOSD
= peSIcals, ENB, PLoT) PRINTY HAINDO7D
T iurece® ” Kopbiid), [0F7(15) HAINDOBO
REAL PADTHI{12), PaDCRI(11), PADCIN(&}, PADARO(SH4é}, XTC(2}, HATNDUYOD
. PADES1(21), PaDESZ(al, ¥Y(3ol, ntdy, L(3), FTSPEC(4}, HANO] 0D
» OMEGA(31, EULERAL3), TRUMBIL3,3), INERT{3,3]1, WKil2), MALNO11l0
» ITEMP(3,3), InERTI(3,3),-F(144), PADSVD(27), XV(&), MAINDL20
. YN(15), Glg}, GTIS) MAINO130
coHHOil 7Tor:ly PADTRN SCRINRT, PADCRY scldgRTs {NERT!, PADCIN MAINO140
- JCSTATE/ TSPEcy %Y, XTC, 7, L, YN, PRIKTY MaINO150
. JESTATE, OHEG,, EZULERA, TRNMAL, PAPES], PLOT, PADESZ HAIND1 &N
. /5u4vDaT/ PanSyD /DSTATE,s F sCAERQC/ PADARO HATNOL70
EQUIVALENCE (TSPEC, T}, [XV,YY) MATNOLBO
DaATA KORDPU{led, KORR{171/ 2, 1/, XORD{18), KOrRD{19!, KORD{2Q] ,HAINDI9N
. KORD!211, KORn{22)1/ 3, 5, 9, 10, 12/, KoRD(23}), KQaD{24)MAJNO2CD
. . KNDRD(28), KoR~{25), KORDI27}, KnRD(26], KORDIZT), HAINOZ210
. KARD{30), KORpi3l), KORD(32), KoRN{33), KOrDpi34)y/ 2, 2, HANOZ229
. F P T T SO T TR R TR MATHOZ230
PaATA 10pT01), lopTy217 8, 207, 10PTI3), IOPT(4)7 &, &/, HAINO24D
. 10PTIS), Iopréi. 19PTI71/7 10, =1, @/, [OPT(8), IOPTI?]/MAINO260
- 13, 147, lopT, 10}, 10PT(ll), lOPTI12)/ 14, 18, 133,, HA(ND2&9
. 10PTL3), IOPTUI43/ L7y =237, LGPT(15)s O/, NEZ/ L2/ MA{NO270
o I"I‘l.!.-"t.’lloi‘blﬂ.-Dt!'ni’lu!.‘IOI-.#‘..I.C-..ICQ'QIl..'l‘OIHAlNDZBU
c *2e GEAD AND SCulE DATA ate HA[HD29D
t CaLl RDSCDA [ IMERT, i0PT, gHD ) HATNO300
c ves TERWIMATE RUN IF gND OF FILE e MAINDO31Q
iIF { ExD » G0 TO 929 HMAINO3Z0
< ese [NVERT [MERTIA TEJSOR eew MAING33G
Do 3 fF = 3, 3 HAINDO34N
pd 2 4= 1, 3 MAIHO3SE
ITEHP(I, 1) = [HERT({J, I} HAING3SN
INCRTI(J51) = O HAIND370
2 CONTINUE HAIND38D
INERTI{I,I} = T HAJHNO390
3 CoNTINLE HAINO400
Capy MAYINV { ITEuP, 3, INERTI, 3, Dy wWkil), WK(H4), WK{10) 1MAJHO41Q
WHRITE {&+215) IMERTI MAINO420
C sss [AITIALIZE aNGLAR MOYENTUM FROM ANHGULAR VELQCITY ees MAINDO430
CaLt, MyMPY | INgRy, OMEGA, L } HATINO44Q
C sts INITIALIZE TRANSFORMATION MATRIX FRON EULER ANGLES e»s MAZNOuSQ
CaLl. TRANME ( FuligRa, TRiHKED ) MAIMO450

c s«ee THITIALIZE QUATEFNION FROM TRANSFNRMATION f1ATRIX se, HAINDY7Q -
c #te USE EULER ANGLES DIRECTLY FOR SINGULAR CASE YAW=Pl see HAINDYSO
CALL QUATIN ( TRNMBT, EULFHRA, | } HAINDY90Q
c ess JNITIALIZE INTFGRATOR ®ve MAINGSDD
T * O MAINOSID
xORp{l}y = O N MAINOS20
CALL SODF ( T3PgC. YY, F. KoRD, NC@, b, I, p, I10PT ) HATINDS3Q
C sy INTEGRATCR OPEQATING EMTRY eee MATNDSHO
5 CaLL S0DEA { TLPEe, YY, F, KORD, D, D } MAINO550
C ssene FUNCTION SViTcH COMIROLLED BY THTEGPATOR swessnsnsas MAIKO5560
IF { KaRJ2{2Y ) 40, tp, W0 HAIROST0
C avs pPYALUATION OF nALRIVATIVES =se HAHU580
1u CuLl YERLV HATNDOS9D
GO TL b HAIND&OD
c sesy DUTPUT AMD G=S70P BRAHCH eses HAIND&)O
ao T8 | FORUI1).EQ,.6 ,0R, KORD({13,£0,7 } GO To %0 HAINO&2n
¢ ess COAPUTE DEPEMD MY STATE VARIARLES AT INTEPPOLATED PolIMNT 4HAINQ&3OD
35 CaLL PERIY MAINO&4G
C sas CNMPUTE FJILER +HNGLES ses HAThO&SD
CArr CEULER { TRYusB1, £ULERA ) MAIND&GO
c ass PRINF CUPRLNT STATE ases HATNOS&TD
I KORL{}).EQ,4 )} wWalTE {4,239} MAING&EBQ
CALL PRINTS MAINOL9D
IF | NSTGP.EQ.1 | O TO 92 HATHO700Q
G0 T A HAINDT IO
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_ UALITY
wts uaX SIPULATED TIME see OF HAINO7 29
TF ( KgHBt1)«6T,.1 1 GO T 4 RAINO7 30
HR1TL (se220) THAIHNO74D
G2 Tn 95 B : HA1HO750
sae CHECK FOR TERYiMHAL CSHDITION ([ G-STOF ) «ee NMAJHOT760
Cary TERMIN L 6 ) . HAINOT770
Capi SODES ( FsPEey YY, F, KORO, IFLAG, NSTOP, Gy 6T ) HAIHO7 8y
GO Ty &, 30, 6, 90, 91, 91, ?1, A }s JrLAG HAIHD79D
see STOPFIMG CONDITION DETECTED e9os HAIKNDBOOD
WRITE (&,2401 HSTQf HA1NDB O
G0 Tg 3¢ HAINRQE20
ese TERuzMal CONDITION DETECTED as+ HAIN083Y
ARITE (64270} HA[NOB4Y
WiTop = 0 MAIHO2SD
nagny TERMIHATE STATE FILE tbesgrsasttuptvgnadgasdssrasnsgorsasHAINOBAD
iF pLoT ) ENP FILE.D HAIHDBTO
Gp TO I MAINUBBO
.U"ttl‘aal‘.;tScao'.gl.ili...tﬂ.;nl..g'.po'.on!nc400l!l¢lltqﬂi‘!nﬁﬂ[“0890
smn CLUSE STATE FIJE snwavasn, B HAIHOZOU
570P MATNO%10
..-aoloo..t-.oc|¢-4u.‘-.-an-s.oo-..lv-un..oa.qao..ao-bl.'-tlgat!tnnﬂ]NU?ZQ
FORHBAT ( z5H0  I1HVERSE ,MLRTIg TERSOR/ T 4%, 1R3EL5,5 ) ) ) HAING23D
FORMAT { p»&Hg HAXIHULH qIMUH»TEO TINE 7 T ' HA[HO940
FoRMAT { 31dg. PRIMT AT HAX STEPS 13 MA[HOFSH
FORHAT [ 1uHg aees HSTOn= s 12 1 HMAIND9 4]

FORMAT ( «iHg TERMINaL CONDITICN DEFECTER-IN SIHULATION )

HAIHO9?70

Betusanesrtbpastsantagignansastev it ipabasitsrntasstoantonrngaeneatii]lI0F8]

+ROSCDA 0|« 20=77

(11,605¢Da 0t =~20-77

C
C
<
<

£40 - HA1HO990
SULRQUT e RE5CDA (INERy, TOPTy END ROsCDOlG
READL Alp SCALE DATA RDsSCDD20
Jup.Ranglly, JPL, SECr.364, HMATL 125+128, PHUNE (2131 354=29B% ROSCPO30
STARTED 5=29-75, LAGT CHANGF gl=2p0=77 141F% RDs5C0Q4p
-.noccuu..-iq--4-»....-.;.ot.cna§..9.-ocq..-.c-on-atncnlnoal.oo--.RDSCDG5n
tobIcsl PLOT, PDENIV, RDTORM, RDTNRT, CYLNCR, RDINTG, RDABER, RDSLDOSD
. ROINLT, FUEDYP, PRTORN, EHD, PRINTY, RCAERQ ‘ ROSCDD70
InTEGER IGPTILS) : RDSCDO8EG
REAL HEADLR{72), THERTU(3,3), IHERTI{3,3), TSPEC(Y4), HUF2P5, ROS5CLO90
+ ENLFRp1IVy TRANBI03,33, Ot4), YN[IS), DYC(10,12), LATDLG,RDSCDIOD
. RCG¢3), L{3), DOGT(4), pLDT(I), LOR1, EPIS}, EPS(S), RDSCDLl10
* OMEGAL3)Y, EULFRD(3), OMGRFR(3}, PADESI(1°), PADESZ2 5}, RDSCLiZ0
. XVigd, XFT{3), VHPH{(3)}, N2A0TZ(3)+ PADRPO{G35), ¥TCIZ), ROSCD]3p
. XTCt2}, rTCal{(2), VICHRH{2], BOYLFTIY) RDSCDI 4D
CuMhok JTorMy  agmlyE, LAaTULEG, VYHMXWPH, HUFZPS, ALPHAF, BETAFT,RD5CDISQ
. ALPHAB, BETAB, GAMMABR, .RBN, WBU., PRYORN RDSCD140
. /CINERT,s INgRtl, GROVZ, CTAU, H(CG. BDYWTP RDSCD170
. JCALROCs CApRay LCRL» PACARO, CYLNDR RDSCD180
. JCSTATE TsPEey XV, XTC, R, L, YN, PRINTV RD5CD 9D
. /ESTATE, OMEGA, EULERA, TRIiBL, TCseC, PDERIV, PADES1, RD5CP2uD
- PLOT, PADESZ ) RDSCDZ10
. FOSTATE, D2xDy2, VIC, DoPT, CLDY, 0T, ERS RDSCD220
. sSav0aT, ATCHMIL, VICHPH, BULYLFT, H, DELT, FFINAL, ¥FT, RDscD23p
. vipd, EULERD, (FCKPH 2T RDSCDZ40
DaTA HO, PELTO, TPIHLO, MXSTgP, nEu, 1END/ .07, .1, 10., O, RD5CO25p
. 12, 93997/, InTEXP, PDERIV; O, ,FALSE./ . RDSCD240
BaATA 0SPRAD, PI, FePHMIL, GOMPH2Z/ 57,2957CG0, 341415927, 6280.,R05CD270
. T+Bo7OGEY/ . RLSCDZAD
DATAH TPy, EP(2Y, EP(31, EP(4}, EFtslf 1.E-2, 1.,E=2, 1,673, RDSCD29p
» PesfFwZ, JoEw2/ RDSCDI0Q
FavRatBre st aateattygt, c.‘s.gi...c‘oso...t‘.e.l..QOQDQCGI.lg,il.lﬂDSCDSIG
evs READ AND WRITE HEADER e%s RDSCD32p

READ (56,1003 HEaADeR, I RDSCD33D

END = -1 JEd. [pilp ROSCD 340

iF tEunt 65 T2 <0 RDSCD350
WRITE{o0,2201) HEALER RDSCD3AQ

eee PEAD ANDG WRITE INPUT COHTROL FLAGS sae RDSCD370

PEap (5,103) RnTAGN, ®padYP, KpINHT, RDAURO, ROINTG, RnABER,RDSCRIs0

no;Nir. PLOT, (YLHDRs PRTQORY: PRINTY

RDsSCDA?N

WE1Tli4,201) RoTO0RM, RPpADYP, RDINRT, ROAERO, RDINTG, RDABER ,RDSCO400

ROINTT, PLOT, ¢YLHDR
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C e®s READ AND wﬁlTE TORMADU PARAHETERS #se RDPsCDY20

1F (RDTg<%; READ 5,1051 RIMILE, LATDEG, VH{MPH, VTCHPH, RDSCD4 30

. XTCMIL, NUF2Ps, ALPHAF, BETAFT ROSCDY4Q
WRITE (6,202) RIMTLE, LAT2EG., VHMXMPH, VTCHPH, ATCHMIL, NUF2PSHDSCD45D

E) , ALPwAF, BETAFT ROSCDY40
TCSEC = RINILE & 3600e / VAXHPH RDSCD470

RIFT = g1MILe 4, FTPHIL RDSCD4B0

GHOV2 = 50MPH2 & RIMILE s VHXMPHes2 ROsCDY9n

[« awe JHITIALIZE TORNADD A1HD SPEED COMFUTATION ese RDsCDS00
GAMMAB T Ml ROsCO%10

C a8y READ Anun WA{TE BQNY PARAYETERS wsevw RDsCDs520
IF (R08BHYP] READ (5,105) 3DYLFY ROSCD530

JRITE 16,7031 BRYLFT ROSCOS40

LOR] = BDYLFTi3) / RIFT RDsSCD550

CTaL = q3¥2 /7 LORI] RDsCO%60Q

C s%s READ AND/OR COLPUTE WEIGHT, CG, aND IHNERTIA TENSQR asen» RD&COR70
CaLp RCIIRT { BDYIFT, BDY4TP, RCG, INERT, ROINRT )} RDs5CDs8D

C ews READARITE AERADYHAMIC COCFFICIENTS, COHPUTE SCALE FACTORRDSCDS9g
Cary Rpanmoc ( RDAgRO ) RDSCD&OQ

ARITE 16,2071 SRGy2, Lawl, CTAU, CApRO, TCScC RDsCDs 10

c sse READ &ND WRITE INTEGRATION PATAAETERS see RDSCDs 20
IF (RDINTG) REAC (5,108} H, DCLT, TFIWAL, MASTEP, INTEXP, RDscD& 3D

» POERILY RDgCD4AYY

IF "{HsEQsQe) H = oD RDSCDS5D

IF [(DELT«EG,0e) DpLT = DELTnH RDPsCDL SN

IF {TFInAL.ER.0,) TFIYAL = TFINLD RDSCDs7D

TSPEC{2) = H / TCSEC RDscDs20

TSPECI3) = DELY / TCSEC RDOSCD&TO

TSPECI4) = TFln4L / TCSEC RDscD700

IF (HMXSTCPHEen) 10P112) = MXSTEP apschH710

1F (IHTEXPsNE«nl 10PTL&) = INTEXP RDsCD7 20

MRITE {62061 H, nELT, TFIMAL, MXSTEP, INTEP RD5CD730

1F (KDABER) READ 15,115} EPS RDSCD7 40

Do 41 % 1y & RDSCD750

4 IF ( EPS{[j)s1E.0s } EPSII} = EP{l) RDSCD7&0
WRITE 16,214} EPS RDscD770

C ate READ AMND WRITE IMITIAL COHDITIONS e RDSCD780
I¢ (ROINIT) READ 15,105) XFT, VHPi, EULERD, OMGPPH RD5CD790
WhiTE(6,208) XFTs VHPH, EULFRD, OMGRPM ROsCDagon

gHSCcAL = 2. » pl » TCSEC / 60« RDsSCI810

c ess SCALE IN{TIAL cONDITIONS see RDsCDB20.
bo 101 =1, 3 RDs5CDB3D

EULERA(L) * EVERD{T] / DGPRAD . RDSCDB4D

OMEGAIE) = QMARPNI]1) = QHSCAL RDOGCDBS0

X¥lzale1) = %FY{I1} 7 RIFT RDsCDBAD

XViz2el ) = VHpH{l} , VHXMPH RDSCDAT70

IF (1,ew,3) Go Tx 10 RDsCDEBO

xTCtI} = XTCMlj {1} / RIMILE RDGCDBS0

YTC(I) = VIcHPulI) 7 VMARPH RDGCO?00

10 CoNTINUE RDSCOTLO

9 RETURN Rbsche2n

C BTNttt ssatt gt rBatsatttetbtanrtogrruvibratdonnsssnngesnnsRDGCDYIT
300 FQRNAT { 72A1, 15 !} RDsCD?4D
1ol FoRMAT ( si8x,L1} ) RD5CD950
10S FORMAT [ ¢FB,6 } RDsCD%&0
iné FuoRHAT  3F8.8, 218, LR ) ROscD970
115 FORHAT ( 12Es,3 } RDSCD98Q
290 FRMAT ( 3H1 , 72aly ) RDSCDY%0
20t FOPMAT [ 2X, ThROTORNE, L), 9, RGCEDYP=, L1, oH, RDInAT=, L1, RDSC1000

. 9H, RDAFRL=, ||, 9H, ROINTG=, L], o4, ROABER=, L1, RDsClOlO

. §H, PDINIT=, {1, 94 PLOT =, L1, 9H, CYLNDR®, L}/ ) ROsC1020

202 FORMAT { 2X, FHRIHILE=, 1P1E9.%, §H, LATDEG=, E9,2, ¥H, VHXMpH=, RDsC1030

. E9«2, %H, UTCdpH=, E9.2/ 9H VICHPH=, E9,2, 9H, XTCHIL=, RDSCiO40

. EF+¢2, H, YTCHYLa, E9.2s 94 HNUF2PS=, E9,2, 9H, alLPHaF=, RD5Ci05D

. EFe2, 7H, BETART=, £9.2/ 1} RDSCI040

203 FORBAT | 2X, 7HANYLFT=, 1P1E9,2, 9H, HRYOFT=, [9,2, 9H, B0YTFT=, RAD5CIO70

. EFe2 / |} AbsCciosgn

206 FOMNMAT [ 2X, 2HMm, IP1Ege2, 7H, PDELT=, E9,2y 9H, TFIHAL», E?,2, RDsSC1D%0

. gH, BASTEP=, 14, 9H, INTeXP=, 14 ) RDsCl100

207 FORHAT ( 2X, &HGRoVZ=, [P{FE9,2y 7H, LORIx, E9,2, 7H, CTAU=, £€%9.2, RDSC11ID

. gy CARRN=, E9.2, 8H TCSEC=, E9,2/ ) RDsCl120

208 FORMAT [ 2%, ohXFT =, [P1E9,2, 8M, YFT =, E9.2, &H, IFT=, 9.2/ RDsSC1130
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216

«PCINRT £0

{11 RECTHR
¢
C
c
d
C
c
5
C
C
15
c
z0
25
30
¢
15
40
C
C
45
50
c
55
60
65

AGE 19

P
oRIGINFL. (e
oF POO

. sH UHPl=, E¢.5, 7H, VHPH®, E9.2, 7H, WMPH®, EJ,2/ RBgClito

* ¢H PpPSIDEG=, Egs2y FHy THETDG®=, E?«2s $H, PHIDEG=, EF+2/ RDSCLIED

. 9H [MXRPH¥, Eg9e«2y 9H: OMYRPHm, E£T+2s FH, OMZRPM=, E%+2/)RDs5CL160

FGRHAT ( 27Ha ABSoLYTE pRROR TOLERANCES/ 7d EPSxy IPSEA,O7 ) RE5Ci170

CRF RISt NN s s Vst abisRgrttaartssstagssynatayatasetrsnsasnsseRDS5CE 80

gnt RDSC1ITO

1=17=77

TFal=17-77

SUBRDUT I RCINRT | BRY FT, BOYVUTIP, RCG, IT, RDIGKRT RINRTOOQ

READ ANDggR CoMPUTE wWolgdT, CG6s AND INERTIA TEHNSOR RIyRTO1Q

JeR.Fapyllr, JPL, SiCr.v14, 125,1288, PHONE (213) 3154-298% RIMRTO20

STARTFD 7+9=74, LaST £YaANGE 01-17-77 p%0p RINRTO30

..O-.Oo‘,;0AQIol..-‘vao'conhgqcilvlto.n-t.a‘-'Eut-a«..'.l..l...ot..R[NRquo

LoGIcal pDINRT RINRTOSO

HEAL RCG(31, NCSRFT 3), RCOFT(3}, (T(3,3), ITaPFZ2(3:31, RINRTOSGD

. ITPF213,3) RINRTOZ70

CoMHp.d JCRIIRY # #CAuFT, 1TRpF2 RINRTOSO

.0'0'0D.;.i‘.!t'-....-...Ini.l....a"gt...c...uD..‘I.Q'l..l...‘...ﬂlNHTU?O

IF { NOT,RUINRT 3 Gpn TO 45 RINRTL00

ase ZERQ ACUHMULATER AHRRAYS ess RINRTIIO

Pog I =, 3 RINRTE20

RCGBFT{IY = O« RINRT130

un s J = 1, 23 RINRT 140

ITUPF2t1,4) = 0. RINKTISO

ConTINUE RINRTLI&0

ces LOgp UNTIL ZERO WpIGHT 15 ReaD, UP TO 10 PARTS MALIMUM e#s  RINRTI7O

gDYWTE = 0. RINKT180

po 30 (BPARY = 1, 10 RINKTI90

wte pEAD DOLY COMPANENT DESCRIPTION aew FINRTZO0

REap (5,100) WP, pCGFT, ITPF201,1), ITPF2L(,2), ITPF2{1,3), RINRT2]0D

v ITpfat2,2), TTPF212,3), 1TPHZ(3,3) RINRTZ220

TE ( WP,EQ.Q0, ) GD T 38 RINRTZ30

WRITE{s,200) IBPAST, WP, RCGFT, ITPF2{1,1}, ITPF2(1,2), RINRT2%0

. ITPF3 (1.3, 1TPF2(2,2), 1TPF2(2,31, ITPF2(3,3) RINRT250

BuYWTP = BRDYWTp + WP RINRT2é0

PO 1B U =L, o RINRTZ7O

RCGOFT(J} = RCGFTLJ) » WP + RCGBFT{J} #IN4RT280

svs TRANSFORHM IREPTIA TENSOR OF COHPONENT To ORIGIN AND SUN #RI[NPTZ9D

wWHZ = DOT [ RCGET, RCGFT 1 o WP . RINFTIOG

Do 26 | = 3, 3 RINRT3l0

pO 20 J = 1, 3 RINRTIZ0

TTBPF2(1,3) = 1TPF2(1,J} «RCGFT{TIeRCGFTJIvhpP RINRTI3G

. + 1TEPF2{Le? RINRT331

CUNT{HUE RINRT34p

ITEPF2(1,1) = (TBPF2(1,!) + WR? RINRT3SO

ConTINUE RINRTI6D

CONTLIUE RINRT370

are COPY SYMMETRIC,L OFF-DTAGOHAL ELEMENTS ea# RIMNRT38D

1TBPF2(:2,1) = TTRPF2{1,2) RINRT390

1TRPF2(3,1) = 7TBPF2{1,3) RINRTH4OD

11BPF2(3,7?) = 1TBPF2(2,3) RINRTH4ID

Do 40 | = 1, 3 RINRTH20

RCGBFT{!) = RCBFTI(!) / BDYWTP RINRT430

RINRT4 40

eee PRINT HaPY¥ [NERTIAL DESCRIPTION 1N pIMENSIOHAL FoRM ess  RINATYSQ

WRITE (6,220) s0YHTP, RCGBFT RINRTH &0

Dcgti 1 =, 3 RINRTH70

WRITE (4,225) ¢ ITBPFZ2{1,J}, 4 = 1, 3} RINRTS4BCQ

soa NODIHENSIONALIZEC ARD FPRINT €6 AND IHERTIA TEKSOR e, RINRT4%0

wl2! = |, /{ BrYWTP & BOYLFTear2 ) RIRRTSOG

Pogs | = 1, 3 RINRTEIC

RCGLI) = RCGAFTF(Y) , BODYLFT RINRTS20

VRITE (6,231 nCE RINRTS37D

Doy 46 1 = |, 3 RINRTS40

Do 60 4 = 5, 3 RINRTSS0

ITUI,Jd) = IFBPF2.7,4) & .21 RINRTSS0

WRITE 16,2403 ¢ IT{l,J1s J = 1, 3} RINRTS70D

ConuTINUR RINATSSED

RETURN RINRTS9D
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I's B aE P At e st E G NN PP st sl et et asRtaesValnPaneinsssantngtaeneRINRTSEON
100 FORHAT | jUF7,1 ) L RINRTS10
200 FOQRHAT 1-2%, 12, F7.1, aF5.l, 6F8,0 ) RINRTS620
220 FOQRUAT (s2X, 7HRUYWTP=, F7.,1, FH, RCGFT =, 3F7.1/7 2X, RINRT&30

. 2UHINERTIA TENSOR (LBMaFT2) ) RINRT&40
225 FoRMAT 1 2%, 3T9.7 ) N RINRTSSO
230 FORHAT « 2¥X, eHrcam, 3F; 47/ 2%, ZFHINERTIA TENSOR{(DBIMENSIONLESS)IRINRTSESE0
2490 FaRHAT { 2%y 3F7.5 ) RINRTS&T7Q
C t."ctans.ol-Q-Q.-QCocl.c'--llﬂeanOtuoocoga-‘.ol'.onnt.ao.unq.gcggRINRT;,SO
EHUL RINRTS90
0RUISeL0T
ORNIS(1)+DOT
FUHCTION pOT ¢ X, Y ) DOTNOOD!:
< FOQRM £OT pROGUCT oF VECYORS X AND Y 0OTD0002
< JeR RADBILL, JPL, SECT.?149, MAIL 125~10g9A, PHONE {253} 354-4552 DOTOO0D7
c STARTED g=nN7=75, LAGT CHANGE 8-07-75 (0lip DOYOODOS
c SeP B U Ren gt gada et agse B indastessetasnsagitignucdgavbotstnansgeassreDOTO00D9
REAL L3y, Y3 DOTOO03D
Oc.'l‘ﬁin!ﬂ‘colo1-0--.0.A-¢l..oiuno--.rh..o-.aoo..o..--o..--.o..-.DOTngqu
SUM = D DoTD0100
bo 3 1= 1, 3 bOoTOOL O
3 SUM = x[1) & Y{I} + SUN pO700L20
0T = SUM DOTD01 30
RETURN DOTOO0L40
[« SRttt ungy talaseuntagt P eRPultBinnlasstayiustatasstasssanstyennssDOTOO997
ExD DOTO0998
Ve RDARDF /01 =14=77
111, RDAROC/Ql=id=77
SUERQUTYLig HDAROC ( ROAgRO ) ROpARODIO

[ RgADURTTy AERUDYIANIC cOpFFICIENTS, CORPUTE AERD SCALE FACTARS RDAROQ20

c WRITTLN THITTALLY BY p.d.HAYCUHLER C&C,uPL RDAROO 3G

c daDtFiFpy BY J,m,TADRT L, JPL, SECT,3h6, MC 125,28, 354-2989 RDARNAQ4D

c STARTED ge=d4=7g, LASY CHANGE 0]1-14+77 p94y RDAROOSQ

C ..q‘..sat...-..;l;-an.;t.sinQj.-9500.4l’s.".cl‘...!QIOCOUI"‘.CQ.RDARD[}E.O

Louical ¢(YLNDR, PRAQQF, RDAERO ROAROQ7 D

REAL LO0%], “MODEL([ By, ALFTAB{19), PHITAB(4), COFTAB(19,4,56), RUAROOBQ

. cTDtal, SGHA(Y4T6), SGNP&,6), CInlol, Panl{l4), PADTI(2) ,RDaRr0290

» pADTZ2(9), PADSRl(4), Pansdz(z0} RDARO10Q
CoHMON JCAEFJCS TAERO, LORY, ALFTAB, Ha, IPA, PHITAB, NP, IPP, RODaROlIlQ

- COFTAp, CTD, S3HA, SGHP, PRAROQF, CYLNDr, HoDEL RDAROIZD

» JCINERT/ PADL. BDYWTP RD 4RO} 30

. JTORN/ PADTI. yHXMPH, paADT2 RNARDL YO

. JSAVBAT, PADSDY, BDYLFY, SLYDFY, BOyTr'T, PApRSDZ, AR(FF2Z, RDARO1SO

- RdopLf e RDARO1 6O

DATA GONPH?, RHOLF,/7.84705E+4, Beu7223e~-7/, PTRNIL ¢/ 52804/ ROAROL7 0O

£ .li..td.l..-‘ll*t’.‘llt.t.lI‘Q"O-O'D‘ClOQ!'.QGO.'-l.lllll!‘l‘.l..RDAROlBO
IF (+HOT,RDAERD; 50 TO 350 RDARO] 90

REap (5,100) #op&;, Ma, IPA, NP, TPP, CNXYay, CNXZIAY, RDAROZ00

. AREFE2, hAoLFC, PRARODF RDAROZ1Q

IF tHA JEQeD) pA = 19 RDARD220

IF (IPALERen) 1Pa= 2 RDAROZ23R

1IF (HP gD} P = 4 RDAROZ40

P [IPPLEZ.0) (PP= 2 RPARG2Z5N

1F (AREFF2¢FGenes) AREFFZ = BDYLFT o BOYDFT RDaR0Z60

1F (PAOLFTeEGene} RHOLFC ¥ RHOLF3 RDARO270

IF [CYiNDR) 7 TO 30 RDAROZ80

[ sar CALCULATE DiHPIHS MOMENT COEFFICIENTS e RDARO2YD
cTlLE) = Q. RDAROZ0D

CTD(21 =aASg5(CuXYaV) = LORL / &. RDARO31D

CTD(3) 2-ABS(CLXZAV] « LOR1 & oDYTFT /( e « BOYDFY ) RDARO3Z2D

c sqt BRANCH FoOR BODIES YiTH 3 PERPEMOICULAR PLAMES OF SYMMETRY ses RDARO33D
JO 70 g * ), WP RDAROD340

bg 10 1 = 1, Nj RDARO350

c a3 READ YAW/RO/L MEASURED COEFFICIENTS aes RDARO3SD

READ (6,120) CIH, ALFTAB(1}, PHIIH RDARO370

c ess MAP YaU/RolL; MEASURED COEFFS JNTg PITCH/ROLL COFFFS »eRDaAROC3BO

COFTARLL ,Jst) » CIH{2) RDARO3YD
COFTADLI ,Jy2) o CIN{]} RDARO40O

E-6
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CUFTAR{]I,J,3) « CINtgG) RDAROY410
COFTAB(1,J 4 w=CIH(H) G\NN— PAGE ‘S RDARDH20

COFTaldli 2451 = CINis] QR‘ U%Lm RDAROCH30
COFTABLI, 18] = CIN(3) o= POOR Q RDARO44Q

18 Lontlhyug RDARD450
’ pHITLB(Jy * g0, - PHIIN RDAROYED
a0 conTInuE RDAROY4TG
Gg Te 50 ROARO470

ess BRANCH FOR ¢YLINDRICAL SHAPES eew ) RDAROSO0

a0 ng a5 1+ 1, Ha RDAROSID
35 READ (5,§10) AIFYAB{f], { COFTABIT,1,%), X = 1, 4 ] RDAROS2(
560 CAERG = ARCFF2 eRHOLFC eyPXppHesz spTPHIL * .5 / RDARO530
L4 { BpywrP » GolUPHZ ) RDARQSHEG
sat PHINT INPUT AnD CALAULATED QRUANTITICS esa ROAROGEO

esa pRINT HODEL SHAPE ®es RODAROS 4D

WEITE (6,2001 hoDrl, IBa, IFP, CNXYAV, CHXZaV, AREFF2,RHOLFCRLAROS70

IF tcyi hbpy 60 T0 70 RDAROSS0

eve PRINT STATIC AEROnYHAHIC COEFF ICIENTS evse RDAROS90

Do 60 J = 1 P RDARCLOD

WRITE (6,210) PHITAR(J) RDAROS10

PQ g0 1 = 1, NA A RDARDS20

wRITE (&6,220) aLFTAB(IY, ( COFTAB{I J,K), K ® 1, &} ROARO&3Q

&0 CouTIKUE ROARO&H0
WhITE (6+2%0) CTO ROARQGSEC

60 To 94 REARCST0

eee BRAMCH FOR CYLINDRICAL SHAPES sew RDARO580

70 WRITE t6.2051 RDAROs%D
o 75 1 = 1, MNA RDARO7OC

75 WRITE (6,270) aLFTaB(l1, [ COFTABIE 1,K), & = 1, 4 ) RDARO7 LD
50 RETURH RDARQ?20
et tensdessisninsatiant o tatnasittabanstoasibatotonntansbastspennesRDARO7I0

Tp0 FORMAT { phé, 413, 2Faens 2F4,2, L6 ) RDARO7 40
110 FARHAT { &F6.4 ) . RDARO750
120 FQRMAT { &F10.,3, 124, Fnaps 13X FZ.0 RDARD740
200 FORMAT {/zX,79HAERODYNAuIC COEFFICIENTS FOR , BAs 7/ 5X, &HALPHA ,RDARC7E0
- tIHINTERP PTS®, 12, §7H, PHI INTERP PT5a, 12, 9H, CHXYAV=RDARO7%C

bd s FBe12, 9H, CNXIaVm, F5e2/ 5X, FHAREFF2%, Fb.2, 9H, RHOLF3=RDARGBOO

. v Féez ) RDAROB10

205 FORHAT ( 12HD ALPMAIDES)s 3X, 2HCDs &X» 2HCL, X, 2HCH, 66X, JIHCHQ)ROaROBZ0
216G FaRMAT (/5% toHPdr (DEG) F5,0/5%, 1 OHALPHAIDEG) ,2X,2HED, 6X,2HCS, RDAROS3OD

* Xy ZHEL 65X s 4H=FLL ,5X , ZHCH, 6%, ZHCH ) RDARDBYD
215 FORMAT ( 2X, Fhe0, X, aF8.4 ) RDAROBSO
220 FORMAT { 5X» F5.0, 55X, aF8«4 } RDARCSED
240 FORMAT | BX, 24HDAMPING CORFFICIERTS ¢D=, 3Fg.4 ) RDAROBBD

-qo-c--o..ci..o-..-c..-.-g....-co.-o..o...-c.a.o...n.a--o-l-.o--eoRDnROS?O
EnD RDAROSOOC

FORNIS, MaATINY

ORHISIE ) e™ATELY

c
r

Nnon

[a R alal

SUBROUTLIE MaTIhy { A, n, By He DETERMy IPIVOT» INDEX, FIVOT )

DESIGRED aND PRNGRAANED BY C, Lays0N F4pz20010
HoDIFlep DY Jo RADBIL) , LAST CHANGE 478,76 0935 F4g20020
INTELER  (PIURT{iy, INPeX(N,2) F4p20030
REAL AN N, RUE YT PIVOTIN) F4gz0040
EGUIVALENCE (IHOW JRO4)T (ICOLUN,JCOLYN], (AHAX, T, SWAP) F4p20050
F4020060

INETIALTIZATIOU F4gpz0G70
F4p20080

VE TERH*L . p FHp20090

ng 20 Jay o F4p20100

20 IPIVOTIJ)=0 F4p2011i0
B 550 l=p,N F4g20i20
F4g20130

SEARGH FoRp PIvOT ELEMENT F402014%0
F4p20150

AMAX=ED D Fup20140

Ng 105 Jog Fag20170

IF tIPIYoTIJI=1) 40, th3, &0 F4p2018B0

&9 Do 100D K= ,l F4p20190
1IF (10lveTiE)=i 80, [Pa, 740 F&4p20200

B 1F {ABS (althg)~aps [a(J Ky1) g5, 100, t@o Fyg202ic0

E-7
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110

anan

140

200

210

250

240

(aNalal

150

340
370

o alal

380

400

450

460
500
550

[aXalNal

b3u

705
710
740

TORMISemMAT

IROWs)

ICOLUN=K

AHAX=A LS, o)

COMTINYE

CollTINVE .

IF [AMAX nEWD,) GO To 1,0
DETESY = Qs

RETURN .
IPIVOT(ICOLUMISIPIVOT(T-0LUN &1

INTERCHANGE ROWS TO »uT PIVOT ELEMINT ON plAGOHAL

Ir¥ (IRDW-pCOaLYN) 140, 2.0, )40
DETERI =D TERM

Do 200 L=,
SdP=pLIRGY 1)
ACTROW,LI=ALTCOLUM,L}
RLICOLUM | 1=SWLAP

IFiM) Zsp, 260, 2710

Dh 250 Lei, M

SHAPER( [RQ4, L)
BIROW,L =B JCOLUE,L)
BrICOLUH,LY=SHAP

IHDEX(T ,1y=1Rq}
IWOEX (T, 2)3=1cul.un
PIVOT(I}=xatIcoLuUN, ICOLMW)
DETERM=DETLRMwPIVOTI ]}

DIVIDE PIvOT ROUW BY PIVAT ELEMENT

ACTCOLUN, [CoLuM)n] oD

DO 360 L=z.N
ACTCOLUM, I=a TCOLUH L1 ,PIYET (1)
IFtH) 380, 280, 340

DO 370 L¥),.HM .
BrICULUM, L Y=RtICOLUM L PIVOT (1)

REDUCE NOW=PIVOT ROWS

0o S50 Lixlsn

IFiL1=ICHLLH) Ygp, 550, 400
TsAlL1l,icoLlM)
AtL1,ICOLUNI=n.0

Do 450 Lajp, N

ALy, Lr=a(ll Li=AiTCOLYGa,L) 2T
IFtr) 550, Sun, #40

Dn SO0 Lep M
BtL]l,LI=B(L]l,L}=B{ICOLYu,LIAT
CoNTINUE

INTERCHANGE COLUMNS

DG 710 [I=1,4
Leieiw]

IF CINDEX(L,11={4DEXy,3)) 630, 710, 630

JRUA=INDEXIL, L}
JECOLUN=INDEX (2]
Do 705 K=,H
SwAPxA{K, JROW}
ALKy JROW)I=A LK, JCOLUNY
AR JCOLUMI=GWAP
CoNTINUE
CoNTINUE
RETURN

END

=~ JECT=iIPY

TORMISL1 )+ MAT-VECT-4RY

C
<

SUBROUTINE AVARY [ &, X7 v )
‘MATRIX VECTDR PROrNCY: ¥ = A x
- JyR,RapullL, JPL, SeCr.9l%,

E-§

HAlL 125-1094,

PHOMN |

F4020220
F4020230
Fapz024Q
F4020250
F4p20250
F4gz0270
F4gz0280
F4pg20290
F4p20300
F4g20310
F4pg203az20
F4g20330-
F4p20340
F4p20350
FHp20340
F4p20a7p
F4020380
fFHo20390
FiH4a20400
F4¢20410
F4020420
Fup20430
F4oz0440
F4p0204%0
F4020460
F4020470
FH2p20480
F4g20490
F4020500
Fdp20510
F4020520
F4p20530
F4p20540
F40205540

FHg205460
Fip20570
F4g2058¢
F4p205%0
F4020400
Fidg206t0
F40204620
F4p20630
F4p206%80
F4p20650
FHD20660
F4p2067c0
F4n20680
Fip2046%C
F4020700
F4p207}0
F4p20720
F4920730
F402074¢
F4g20780
F4p20740
F4020770
F4020780
F4p20790
FH020800
F4p20810
F4p20820
F402083¢0
F4p2084p
F4020850
FHp20840Q

MYHPYOO)
MVHPYOOZ
(2131 354-7097 HVMPYQOT
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paGE &
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STARTED &-02=75, LA=T CHALSE &4-03-75 143g MYMPYODOHR
.‘cagaacg.n-.anocs-doa~.-no'oo!aulolocd'lou!..&d.qolooqoaacl..lO'QHVHPYDUQ
REAL at3,3l, %3y, yi3)? MYMPYO30
P PP s NS U T st lar It sdignatiovsttasigatdogabpnviganinaadonrrpenar s VHPYQ?)

Yily = A{fgirexl]p) +alp,2)e%(2) +A1;,3iext3) HVMPYLIDD
Y02) = A(2311%xt1 ) +al2,23eX{2) +212,3}1ax(3)} HYHPYL10
YU3) = A(3.101%vl]) +8(3,2)eX{2) +A03,31eX(3} HVHPY1 20
ReTuan HYMPYROG
PSP RS Sy R a eV P R A e PN ISR ARt gttt varttetnnaIVIPYPP?
EMD HV4PY998

Ve TRRUME 7 10=26=7 4

(L TRANHESS 10-28-T78

s NaRaEaNalsl

lalaNalal

sl aNal

*

L 3

.

L]

SLAROYTENE THAMME { EultRAs TREHIE ) TRANMOCO
COUPUTE TFAMSFORMATION pPROM [LERTIAL TN BeDY CUOGRDINATES USIng TRAHHGLQ
EULER ANGLES, AUGLES COnFeRE TO AIRCRAFT CONvEMTIONS, BODY AND TRAMMOZD
IRERTIAL SYSyekS aRE RIGHT HANDED ANL COINCIDE AT ZERO ANGLES, TRANMOZS
J R RADEELL, JPL, SECT.366, MC [25-128, PHONE (2}3) 354-2949 TRAMHD3Q
STARTED &=yn~75, LAST CHANGE (0-26-76 0730 TRaNMO4D
G."t"l.-“ul‘D..l‘.d..!."...I‘I"Al."l“-.‘....a‘..ll.“.......TRA”HOSD
Real EVLERA(3), TRNMIBL3,3), YAW(3,3), PITCH(3,3), ROLLI3,3}, TRAHMO4D
TEYP(3,3) TRANMOTR

vaTHa YA¥([1,3), Ynuié,a). TAW(3411, YAW(3,2)}1 YAW(3,3);, TRANHDBO
Oss Doy Doy Ga, 1s/ TRANMOTO

DaTh PITCHIL,2)y PITCH{Z2,1}, PITCHIZ,2}y PITCH{Z,3), TRANMIOO
PITCHI3,20/ Doy des Loy Doy Qe/ TRANHILO

DATA ROLL(),1), ROLy (1,2), ROLLIL,3), ROLLEZ,1)s ROLL(3,1}/ TRAUMIZ20
tes Qoy Ovy O, Do / ] TRANML 3D

P I N U gr Yl st Pt LSV ROt el RSN RE APt aEEas U sRERIsRYSatsgensneTRANNLAD
*» Yiw, PSI=gULERA;l)y CLOCKwISE ROTATION ABOUT Z AXIS, TRaANMISD

« POSITIVE THROUGH ToP OF BODY, UP IN ORIGINAL ORIENTATION, TRaANH)GQ

o LEFT=balNn SCREW ~ONVENTION TRANM]6S
YAW[],1) = COS; EULERALL) ) TRAMMITO

YAW (1,2} ®w=3)N{ EVULERA(}) ) TRANKLBD

Yah{z,1) =eyaAW[1,2) : TRANK190

YRW(Z,2) = YAA(1,1)} TRANM200

« PI1TCH, THETA=FUL-RA(Z2), CLOCKWISE ROTATION ABOUT TRANMZ1U

« Y sXls, POSITIVE THROUGH LEFT SIDE OF BUDY, NORTHWARD IN TRANM220

e ORJGINAL OPTENTATIAN, LEFT HAuD SCREW, TRANMZ23IO
PITCcH{l,1) = CaS(¢ EULERA(Z) ) TRAHMZ240
FITCHU]1,3) = S¢dM( EULERA(Z) ) TRANKZSED

FiTCHI 3,1} =-PTTCHLL,3) TRANM250
PITCHI3,3) » PyTcHI},}) ) TRaNM270

e RoLL, PHI=FVLERM;{3), COUNTERCLQCKW}SF ROTATION ABOUT TRANEZBQ

¢ X n¥Is, POSITIVE THROUGH FRONT (MOSE) oF BoDY, TRANMZ?0

s EASTHWARD 1t QRIZINAL ORIENTATION, RIGhHT HalD SCREW. TRANM3DO
ROLL(Z,21 = Ost EULERA(3) ) TRAHM31D
ROLL(2,3) = sIyl EULERA(3) 3 TRAMM3ZO
ROLLL3,2) =-RO, L(2.3) TRANH33O
POLLI3,3) = ROYL(2,2) TRANMI40

svs HULTIPLY YAW, pITCH AND ROLL MATRICES TOGETHER wsee’ TRANM350

CALL HMATHPY [ P1TCH, Yaw, TEMP TRANMAED

CALL MATHPY { RoL;, TEMP, TRNMIB ) TRANM37D
RETURYH TRANM 38D
PSRt Tt P et Anatussd it it stintnasntanrturnigposnsnaanevgansns TRANM3PD
END TRANMS0D

LeQUATIN/IU-22=78

AL}, QUATINALO=22-74

NHoonN

Ll

SIYHROUTIHE OQUATIN { TRANSM, EULERAy Q) QUATOGO1
[tTIALIZy QUATERRION FpoM TRANSFORMATION HATRIX, USE EULER ANGLESQUaTOOID
DIRECTLY [F SI1NGULAR CASE QUATOD!L
JLR,RADBILL, JPL, SECt.366, MAlL 1257128, PHONE {213} 354=2%89 QUATOGZ0
STARTED $»02-75, LAST CHANGE 0~22-76 315 QUATOC30

va rratacssetantassbtosratatitosnassdtastiaatoscstaausniiensrtasanssQUATOOHD
HEAL TRAKSM({3,3%, 974), EULERA(Z) - QUATODOSO

PN e PR IR e aa T s Rt esstp st Raic antssettantlactvasntsaarunstanrtnntansQUATOOS0
ail) = .5« S0fgt {o+TRANSHL],1)+TRANGH 2,21+ TRANSH(3,3) 1QUATOOD70

IF { R{1)elTe 1.E-3 } GG TO 1O QUATGO7S
FORup! = .25 / Q1) QUATODRD

E-9


http:I.4TRZAhIS$(I.I)-TRANHI(22TRANSN(3.3I
http:PITCH(I.12
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¢q(2) = ( TRANSM{3,21 = TRAWSM{2,3} ) ® FORUOI
Qi3) ® ( TRANSMIF,3) ~ TRANSM{3, 1] ) ¢ FORQOI
o{4) F (¥ TRANSpH(2,t) = TRANSM{1,2} ) ¢ -FORROI
Ge TQ 90 R
sea RRANCH FOR SINgULAR CASE YAk=Pl, ROLL=0 ees
10 gli)y = g, B
THETG2 = EULERA(2) s 2.
otz = +Sliff TKETOZ )
ald) =0,
Qid) = +CO05( TET02
90 RETURH

AUATOO%0
QUaATO10D
QUATOI110
QUaATOL120,
QUETOL90
QUATOZ200
QUATOZ1D
QUATOZ220
QUaATOZ230
QUATOZ40
QUATD800

...l-‘l...n!gqnuastiugi.-|t...ll..ﬁlo‘t’..l..t'.aai!.iltl.l'f!"thUhTU???

ENI]

VeDERIV 10m22~76
AL1) DERIV/1g-22=~76

2N als Nal

. * e 0

e a0

SudroUTiNg DERTV
CoNPUTE DgRIVATIVES FoR INTEGRATOR
JoR<RADEILL, JPL, SECT,386, MAIL 125-128 PHOWE (213) 354=2989
STARTED &-N2-75, LAST CHANGE 10=22-76 Ligo

QUATO998

DERrIVOOO
DERIVOLIOQ
DERIYOZO
DERIVO30

BPPSsRsTasatantrun vt ans gt isvaatssatTsuatuantatadasssntetnnnsutsnnseDERIVOYN

LoGICAL pRERIV
REAL IHERTI (3,3}, X3}, Qr4), Vi3y, L13), OHEGAL3), RCGL3),
EULERAL3), TRI'WBI(3,3}, OVI3), Da{4}r, DL{3}, XV(&),

DERIYOSD
DERIVQ&D
BPERIVG7ZO

xTC(2), DXYC(Zy, VWIND(3), VWREL(3}, ALPHAW{3}, VCPROD{3IRERIVOSsQ

TRNMWI(3,3), TaUR(3), Fla), FWi3), TaUW{3], OMEGAW(3},
yHiys), DTL120,, EPS{5}, RCGWI3), ESPAD(R), TAUI{3),
oHEGATI3) -

CoHHON sCINFRY, IMERTT, GROVZI, CTAU, RCG, BDYhTP
JCSTATEZ Ty Hs DELTATs TFs XV, XTC, Q. L, YH
sESTATEs OhEGAT EVULERA, TRHMBI, TCSEC, PDERIY, Vwlhp,

ALPHAL,s UMEGAW, VWREL, FW, F, VWRMAG, ESPAD

JUSTATEs OV, DyTc, D@y DL, DT, EPS

NAHELIST ,DERIVI/ X» V. R, L, UMEGA
/DERIVZ, OMgEGAY, COHEGAHM, FHW, TAUw, F, TAUI, TAUB
sDERIV3/ VCPROR, DL, DQ

DERIVO90
DERIV100
DPERIVLID
DERIV{20
DERIV130
DERIV1AG
DERIVISQ
DERIV140
DERIVI&EZ
DERIVIéSE
DERIV1 &S

AP PO R RN I PSP at P a s N taa by it ORIt ERNC Lt EOountosanaanngensesERIV]ITD

s*e UNPACK POSITION & VELONCITY YECTORS ses

Do} I = 3, 3 .
{1y = XvlZel=y}
yily * XY{Ze])

s+ TRANSTORMATION MATRIX {BoDY-INERTIA) FROH QUATERNION ese

CaLL TRANHQ { &, TRHMBL )

wee CONPUTE ANGULAR VELGCITY FRGM ANGULAR MOHENTUH eee

CaLL MVYMPY.{ INERyI, L, OMEGA )

IF (PDERIV) WRITE (&,LERIV]]

DERIViBQ
DERIV1i90O
DERIVZ20Q
DERIVZID
DERIVZZD
PERIV230
DER1V240
DEpIV2SO
DERIVZ2SE

s=e CHHPUTE WIND VploCITY OF MAOVIHNG TORNADO IN SPRACE COQRDS «DERIV2&0

CALL TOTWND ( XTC] DXTC, X, VWIND )

ese FIND RELATIVE wELRCILTY IN SPACE COORDIHNATES ase

Do 101 = 3, 3 .

VHRELIT) = ywinD(l} = VII)

sss FIND WIND COORRINATES AND BODY ANGLES WRT WIRD ees

CALL WINDCA { VWREL, TRHMBI, YWRMAG, TRNMW], ALPHAW )

ees TRANSFORM ANGU AR VELOCITY FROM 'BODY TO WIND COORDINATES
CALL MVYMPY o[ TRMHMRT, OMEGA, OMEGAI )

CalLL VHMPY [ OMEGal, TRMHW], OHEGAW )
sos COMPUTE AERQODYHAMIC FORCES & MOMEMTS IN wIND COORDINATES
CALL AROFRC { VWwRMAG, ALPHAW, OMEGAW, FW, TaUW )
evs TRANSFORM AEROnYWAMIC FORCE 70 SPACE COORDIHATES #se
Capl MyMPY { TRuHul, FW, F )

DERIV270
DERIV280
DREpIV29D
DERIV3O0Q
DERIV3lQ
DERIV32g
DERIV3SD
DER1IY3SE
DERIV340
DERIV370
DERIV.380
PERIV39n
DERIVY4OQ

sse DD WEIGHT To sEROCDYNAMIC FORCE IN INERTIAL COORDINATES #DERIV4]Q

FiI3) = F(3) = Yo )
ere TRANSFORM AERO MOMENT FROH WIND 1O BODY COORDINATES ese
CALL MYMPY [ TenMwl, TAuU#, TAUL 1
CALL VYMHPY ( Taul? TRHNHBI, TAUB )
IF (PDERIV) WRITE (&,DERIVZ)
ss¢ TORQUE OF WEIGLT ARQUT BODY ORIGIN wus
CALL CROSS { RCG, TRMM81(},3), PCGw )

DERIV43D
DERIV440
DERIVY7D

DERIVHYTS

DERIV477
DER1IVH480
PERIVSIO

ase COMPUTE DERIVATIVES of ANGUL AR HQHENTUH [N BODY COORD eseDERIVS2D

soe AND LINEAR ACCFLERATION JMH INERTIAL COORDINATES esse
CALL CROSS { OMgG,., L, VYCPROD )
to 201 =21, 3

E-10

DERIVEZS
NERIVS30
DERIV540
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DLty = ( TAUR; L) + RCGU({I) 1 = ¢TAu = vEPRODI!) DERIVS550

LVil} = GROV2 o FLI) DERIVSSS

20 contltivg DERIVSSY

¢ svx CGHPUTE DERIVATIVES oF QUATER'IQN CONPOHENTS ease BERIVS550
CALL QUATD ( ONgG,, &, bR ) BERIVSTQD

Ir (PCERIVY WAITE (4,PERI{I) PLRlIVS?s

RgTURM . DERIVS5S8p

c VRSN B RPN AP AP AN TR I LSV RtV AB RS a S geat it ianacssgsnptansslDRIVSYD
EnD DERIVS&OD

Ve TRANNG 1 0=22=74

AL} TRANYQ/ 1 0=22=7,

SUBROUTIHE TRAWMQ & G, THANSH | TRRMAQD!

[« COHMPUTE TRAMSFORMATINN . aTREX FROM RUATERNION TRNHQOG2
[« JaR,RaDaILL, JPL, SECT.366, MAIL 126-12g, PHONE (213} 354-2989 TRNMAOOT
C STARTED p=03=75, LAST CHANGE j0-22~7é I615 TRNMQQOS
[« SRR RTA L2040t rat sttt anietsattunttisantaystenananstaantaneryesssseTRNNADODS
RFAL gl4), TRANSM({3IT3) TRNHQO3Q

C BIE Pt g PR Rt AN At IRt tbaatsrntagrtasssansisennsaTRHHQGSD
TRANSM(1,1) = T = 2, ¢ [ Q(3tesz + Q{4)ne2 } TRuMQ 00

TRANSHM{] 2] = Se ¢ [ Q{2) * GU3) 4+ QUI) e Q{4 } TRMMGL D

TRANSME],31 = 54 » ( G(2) o QU§) =~ 0(1) &« Q{3} ) TRNMQ] 20

TRANSHI2,1) = 5. » { @(2Z) & Q{3) = Q1) a A(4} ) TRNKQ] 90

TRARSHIZ,2) = T4 = 2,  { Q(2l4ey + Q{4)eeZ ) TRNMRZ0D

TRANSHIZ,3) = 5. « { Q{3) » QU4) + At1) o Qr2} 1} TRNHQZ D

TRANSMEZ, 1) = 5, & { @12} » QI4) + Q{1} & QL3) } TRu#Q280

TRANSH(3,2) = e & ( @[3} » QU4) = (1} = 2(2) } TRNNG290

TRALSHMIZ,3) = o = 2, & ( Q[2]se2 ¢ N{3)eeZ } TRNMQ300

R TURN TRNNQESD

C a.!lucoug.thuc.aotocgo.'aﬂiiol!tcIC-OQHq.ll.npb..-tanc.l.lic‘oli-TRNHQ9?7
E.iD TRyHQT 98

Ve TOTWH L fUL =7 =77

AL} TOTWNS/N1=07-77 -
SUBROUTINE ToTwno { XTC, VvTC, X, YyWIND } TOTWDO1D

C CoMPUTE MoVING TORNADOD 7OTAL WIND VELOCITY IN IMERTIAL COORDINATESTOYWDOZ2Q
c JuRGRADBILL, JPL, SECT.366, MAIL 125-128, PHONE [213) 354-298% T0TWDo3ap
4 STARTED 5=09-75, LAST CHANGE gl-g7=77 15an ToTWDOd4E
c e LA I sTaas At LB R sb ettt aattu et stutanntatsvensietrsen TOTHDOSY
REAL XTCrz), ¥YTC{2}7 Xt3), VWIND(3), vHWINDC(3), PADI{&], ToTwlosan

» paDz13) " TOTwWOO70
CoMHMON sTORN/ PaRL, A PHAB, BETAB, GAMHaAB, PADZ2 TOTwWOoBO

[ 0.".0.1.-00..-nu..ua.n.coc.a.‘u-.ouoc'0g;-G.laOcqOIQ-QCQQuDQUQOOQTDTWDDQQ
c sve CcOMPUTE LOCATIAN OF BCDY RELATIVE To TCRNADO CENTER sse TOTHWD)OD
XR = X111 ~ xTci)) TOTHO| IO

YR = X{2) = (Tel2} TOTHD 20

H = SQRT{ XRea.2 ¢+ YRw®e2 ) TOTWD1 3D

[ sse FORH UHIT VECTaR ALOKG RaADIUS FRoM STORM CENTER TO PDINT TOTWDi4nQ
IF { RaGTa0, ) GO To 1 N TOTWDiGO

URX = 0O, TOTHWDEAD

uRY = g, TOTYWDi70

Go To 2 TOTHWD180

1 URX = X3 / R TOTWD]1 %0

URY = YR / R ToTHWDZOD

c s*a COAPUTE wIND YeLoCITY IN CYLINDRICAL COQRDINATES FOR TOTWRZ210D
C e4e STATIUNARY ToRnADN, COMPOMNENTS ARE RADIAL, TANGENTIAL(CC}TOTWDZ2ZO
c svs pND YESTICAL TOTWDR230
2z CALL TORMAD { R, 203}, VWINDC ; TOTWD 240

< sva FACTOR To FORCp TRANSLATIONAL VELOCITY TQ O AT Zx0 so# TOTWD25Q
F u Je = EXPI=RET,T & GAMMAR s X({3}) / ALPHaAR } TOTWO240

C sss TRANSFDRM YIND VELOCITY FROM CYLIHDRICAL TO RECTANGULAR TOTWDZ7D
< s¢s COORDINATES ANp ADD TRANSLATIOMAL VELUCITY OF STORM CENTRTOTWDZ28O
VHINDLL) = VWlpDC(1) *URX ~vWINDC(2) =URY *¥TC(]) » F TOYWD290

~uRIRDI2) = ywlpDC{l) *URY +VWINDC{Z2) eURX +YTCi{2) & F TOTWwD300

vWIKDI3) = vwinDC(3) TOTWD3l0

RETURN TOTWD320

C LR Ty P T Y Ty Y T T B b s ek X 14|
END TOTWRDA4D

1s TORNAR 1 2~ 8=/ o=D

E-11
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1) 4 TORHAD/Z 12147 5=l

[aNsNaEaNaRalal

[a N alal

10

11

12

13

15

20

BROUTINE ToRMAL ( P8, Zp, YBW )
g:ATIONARE ToRNADO NINU‘VELOCIT¥ VECTOR VaW=y,/VHax FROM POSITION
RELATIVE 1O CEMTER, RA=r/Rl, IB=Z,/Rl WHERg Ry IS KADIUS FOR VvHAX,
epbY VISCISITY CEFINED Y PARAMETERS ALPHAF, BETAFY, NU
HOPEL BY P, DERGARABEDTAN, AND F, FEMDEL, TRw, PROGRAMMED BY
J.RRADBILL, JFL, chw.asb MAIL 175,128, PHONE (213) 354=298¥%
STAKTED S=23-75, LAST CHANGE }2-14=76 13g0

TORHODO
YORNOOOZ
TORNOOD ]
TORHOOO4
TORNODGS
TorNOQO?
TORNODOS

l.‘.-.ll--‘..."-.Cl..‘.I.l...!‘..-l.g..-.Q..l.....l..l"l....i.'.TORNOODQ

LoGIcAl. PRTORH
INTEGER ZLORET, UVYRET
REAL LATDEG, NV, vBw(a1

TORNOOIQ
TORNDOIS
TORNOO3D

CoMHMON  ,TORN/ RIMILE, LATDEG, VMXHPH, Nu, ALPHAF, BETAFT, ALPHABTORNOOQSOD

. BETAB, cAMMAB, RBp, We(, PRTORH )
DATA pGPRAD, FTPHMIL, Pid4, OMEGAE, SECPHR/ 57,295778, 52a0,
J78539 742722062E-5, 35G00+/
NaHELISY ;lu?iﬂﬁjﬁalF;,7C0hEG£lRBD. al.,PHARs BETAE, GAMMAB, Wa,
HWHT, wBQ
sC0KP/ RE, Za, PSIODR, PSIROR, ZFT, POWER,. WBT, UB, V3,
v, ng

TORNDGS |
TORNOGS&D
TORNOOA
TORKROOBO
TORHOGA]
TORNOOSS
TORHOCAS

B8RS et nsrtestNoatgladNoattvaonsgsdannliassisgestatnosassngnesssaTORNOCYO

IF { Z¥«LE«De ) GO 1G 9q
IF § GAHMAB«GTef+> G0 T 11
ses DEFAULT VALUES FOR EDDY YISCOSITY PARAMETERS ses
IF ( My eERQeqs ) HU = [+
IF ( ALPHAF,EQ,0, 1 ALPHAF = 3.5
IF ( BETAFT,EQ.0, 1 BETAFT = 270,
RIFT = Rix1Lp o FTPMIL
es® LOCAL VORTIFITY IN RADIANS / SECOHD see
COMEGA = DMEGAF o SIK[ LATDEG / DGPRAD }
ses QUTER RADIUS oF TORNADO DIMENSIONLESS sea
RBO = SQRTL g sVMXMPH ,s{ COMEGA *RIMILE *SECPHR ) )
ALPHAB = rLpHAp 7 MIFT
&ETAG = BETAFT s RiFT
GAMMAB = RIFT o SQRT( 5., ¢COMEGA,/{ 3. # NU ) !
ees COMpUTE LGWER LIMIT OF INTEGRAL FOR WB({Z), Z+GT+ALPHA see
evs CALL PROCEDURE ZLO ese®
A55IGH § TO ZLARET
ZBT = AL PHAR
Gy 10 20
«9s CALL PROCEDURF UVH eee
4551GN 10 TO UywRET
POYER & ALPiaB + BETAR
Go 1O 80
wBO = Wg = WaT
IF (PRTORN} WRITF (&, fHITAL}

TORNODYS
TORNDI1OOD
TORNG )OS
TORNOD107
TORHNOL1D
TORNO112
TORNOI 2N
TORND1 24
TORNO125
TORNO] 30
TORND13S5
TORNO150
TORND1&0
TORNOL 70
TORNO 20O
TORNOZ205
TORNDZ1D
TORNO220
TORNOZHG
TORNOZ4S
TORNDZ250
TORNO2&0
TORNOZ70O
TORHO280
TORND290Q

st COHPUIQTIGN SECTION suseassssasonsvopgudgenvgastpatnsnttgsran s TORNOING

*ss RADIAL DEPENDAIICE e
IF { RBeGTele ) Gpn TO 12
wte CNRE, RB +LT. | as»
PSIOR = RB

. PSIROR = 2.

Gn To I8 .
ate POTEUTIAL VORTFX, O ,LT¢RB.LTRB0 #es
1F { dB,GT.RBY ) L0 TO 13
PSIOR = ( RBO,+2 = RBes2 }/(! RBU®aZ = |s } * RB }
PSIROUK = =2,,( RBO®s2 =i, !}
a0 To 1s .
eve QUTSIVE TORANHAPn, RB.GT.RBO ses
vyBWI(1) = (.
yBW{2] = Q.
ya¥ (3] =2 Q.
Go To 7o .
nes VERTICAL DCPRUDAHCE wee
ese KREAR-GRIUND REGIOQN ese
vev CALL PROCEDURE ILGO eve
If { ZB+GT4ALPRA® } GD 1O 27
ASSIGN 4p To z,onLr
8T = ZIn
Sep® PROCEDURE Zlo s0as
POWER = RETAB , ZBT;/ ALPHAR
sese CALL PROCEDIRE UVW #%e

E-12

TORNOD3LO
TORNOIZO
TORND315
TORMDI 3O
TORRD340
TORNOASO
TORNO3&0
TORNOJYZ0
TORNDIBO
TORrNBATO
TORNO4O0QD
TORKOY 10
TORNO420
TORNDS 30
TORNDY4O
TORNOYSO
TORNO4?O
TORNOSO0O
TORNDSOS
TORNOSIQ
TORNOS20
TORNOS30
TORNOS YO
TORNOSSD
TORNOSAQ
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25

27

as

4G-

70

90
?5

g0

45516H 25 To UuHRET TORNDSTO

Go To B0 TORNOBEBO

AB = [ W8T + P70Y4 / GAHMAR } e ALPHAB / BETAB TORNDS90

Go TO ZLORET, { 5, 4p0 ) TORNOLOQO

ses UYPPER RCSION #.e TORNDS 1O
POWER = ZB + BpTAB TORNDA2D

es® CALL PRICEDURE UVh +eos TORNOEIN

ASSI1GH 35 T UywreT TORNGLHD

Go To Ao TORNOSSH

wh = W3T + Waod TORNOESED

sds FORM VELOCITY EOHFONE”TS FRroMm R AND Z DEPENDANT FACTORS «TORMNOZDO

E =* EXP{=0AMMARS (ZB+BETAR e ls~EXPiaZB/ALPHAR)}) TORNO702

vB = le = E TORNO70%4

UB = “SART{ £ . VB ) TORNO7G6

yBY{1] = PSIgR ¢ UB TORND71C

vBni2) = PSIgR = VB TORNOY 20

yBW[3) = PSIRUL = WB TORNDYAO

2FT = RIFT » Ip TORNO732

IF {PRTORN)} WRITE [&,ConP) TORNOTAY
RETURN TORNOTHE
Sessersny UNDERGROUNS BRANCH etetasssssrapnsprntanttossrensrgesnneTORNDIS)
Do 95 [ = 1, 3 TORNGT7 6D
VBW{I) = Do TORNOT7 70

G0 10 79 TORNDT7BO
setsasssy PROCEDURE UVY sasssavascassesstygssasssagotsaseansnsgsessss TORNOZIO
E = ELP( =GAuHAR s POWER ) TORNDBOO

V8 = |. =E TORNOB1D

UB =& «S2RT[ E & V3 ) TORNOB 20D

WBT = { UB =,5 & ASIN( € = ¥B ) } /7 GAMMa® TORNOBID

Go TQ UVWRET, { 1g, 255 35 } TORNOSHQ

BABAS Pt tabte st tont  aaesntvoRustasstogttarntantansnrantastnsss TORNGSOO
END TORND?98

MINDCL/10=20~75

11, WINRDCA/ |1 U=20"78

aEaRaNeNalaial

SUBROUTINE «1nDCa t VwREL, TRHPBI, VWRMAG, TRuMA], ALPHAW ) WNDCAUOL
FIND TRAMSFORMATION »yYRuMy* fROM wiIND TOUO IHgRTlaL COORDINATES, WHNDCADOZ
PITCH AND ROLL aHGLES O 80DY RELATIVE TO WIND, ALPHASL(Z), WNDCAQD3

ALPAaWL3), *TRAMBT? (% ¢HANSFORMATION TROM BoLY To INERTIAL CODRDSWNDCAQQY
Foil F1rCHsROLL=0, WIML XES ARE ROTATER ;pgle6 ON Z FROK BODY AXESWNDCADOS
JeRspplle, JPL, SECT.360, H,C, 175,120, PHOHE (2)3) J5u-2989 WNpCADO?

STARTED 8=9=7%, | AST CAANGE 10-20-7& }33g WNpCADD®

BEAT st it sttenttaRsRarn  RentanstRtolarattsuinentonttotetsansegesnesWNDCADDY
LoG1CAL  PRIUNT R WNQCADIQ
flg AL YHREL(3), TRNMpI(3,31, TRNABWI(3,31, ALPHaW{3), VT1(a3}, WNDCAp3p
- ¥T2(3), PAUFS1[14), PADES2(24) WNRCAQ3]
coMHoN JESYATF/ PApgS|, PRINT, PADES2 WNDCAGSQ
DaTA PI/ 3.1415927/ WHDOCADZ0
NAMCLIST sWPRaNly VWReL[ vWRHAG, SINAZy CO5AZ, SIHAJ, COS5A3, wHOCACBO
- ALPHAM B WNDCAGSS
Bt etisgpttrstaanttestiaursttpoliisattasttngtbgoutygatsencastogenasaWNDCARTD
IF 1 PRINY )y «RITF {6,1907 TRHNBI WNDCAD?S

seese FIND PCLATIVE wELOCITY AaGHITUDEL AHD UMIT VECTOR TRNMWIT WNDCAIOD
VURHMAG = UIIIT ( VyuRFL, THHMWI(],1) ) WNDCAL]Q

wte FORK VECTOR CRaSS PRODUCT TO GET BINMORMAL WIND aXIS .ees WHNOCA]Z2Q

CaLL CROSS { TRNSRIC(L,0), TeNUWI(1,1), VTL } WNDCAL30

SIMAZ = UHIT € ¥TT, TREMMYI{],2) ) WHpCAl40

esa FURM NORMAL wipD AX]IS VECTOR ass WNDCA|S0

Cull CROSS { TREMwi(l,})y TRNMWI{l,2}), TRHHWILl1,3) ., WHpCALSO

ese ALPHAW{{)=VAW=n, UNLY 2 ANGLES REQ TO DEFINE gRIENTAT!UN WNOCAL7O

ALPHAWI]) = D WHDCALBO
s FIND PITCH ANGE sALPHAW{2) aws WNDCALSO
€052 ==LOT { TRHMBI(1,1}, TRUMwI(},1} ) WHUCAZO0D
ALPHAW(2) = ATAMZ; SINAZ, COSAZ ) MNpCAZIO
ses FING ROLL ANGLE = ALPHAW[2) o= WNDCA22Z0
CALL CRO5S5 ({ TRNLwl(1,2), TRUHBITL, 2}, ¥T1 WHpCAZ23C
SINAZ = UntT  ¥T}, ¥Tz 1} . HHDCAZYO
Cosa3 ==DOT ( TRNuWIll,2), TRUMBT(}1,2) ) WNDCAZ50
ALPHAW(3) = ATAR?¢ STNAR. CnSA3 ) : WNDCAZ&DO
IF ( PRI®MT ) WRITE l4,WHDAN!} WHDCA270
IF ¢ PRINT 1 YRITE (.,200} TRHMWI WNpCAZED

ORIGINAL PAGE 1S
E-13  gF POOR QUALITY
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190
200

IRMISaunIT

RETURN HWNDCAZOD

P Y Y L L L T T P T Y P T Y Y R PR TS L T ¥ ]

FORMAT € 3X, *TRHMBIx= 7+, 3F[De&/( 12Xy 3Ft0,6 ) 1} WNpCA94p
FORMAT ¢ 3¥%, *TRAMWIx 5, 3F[De6/( 12Xy 3FI0.6 } ) WNUCA95D
oo.oac.-..a-......n-..-.ua.o.gqu.auacuncc;odgb-u..oio-oon-nt.coco,HHDCA???
END KNpCAS98

IRMIST)«UNIT

Fyhetion yMly ¢ v, H UN|TORO!

c FIND UMI7 VECTOR U AND wAG11TUDF UNIT FOR VECTOR V UNlTDODODZ

c J.R, 2408111, JPL, SECT,914, MAIL 125~109A, PHONg (213} 354.4552 UNITDOO7

4 STARTED $~07-75, LAGT CHRNGE g-n7-75 1000 UNJTDOOSB

c sat Vet TRssatestiasetssagasntastianbessvastuaestanntoncasesnssrerasUNITODOY

REAL widy, V{3)s MAg UNITOOD30

'OHMAG ® SART( Duy ( V, V¥V ) ) UNITO1O0°

. Bo | I = [, 3 UNITD120

i utl) = v(ll s uAG UNITOL 40

UNIT = MAG UNITOL140D

[ BB IRt tA e Rt e S s n s D b s e RS a bttt atit e iBassnnesngtensalUNITDOT0

RE TURM UNITOBOD

[ BEBREE PR N NP SO IRANS AN LR RSN AN AR NgeIt s Rat Rt susnaNITOTTT

END UNITO?%8

IRK[Se¢ROSS

JRMIS(11+CRESS .

SUBRQUTINE CRASS { X, Y, Z i CRQSS001

c VECTOR CROSS PRaDUCT . . CROSS002

< JeR.RaDulLL, JPLy SECre9l4, HalL 125-109A, PHONE (213} 354.7097 CRpS5007

C STARIED £-09=75, LAGT CHANGE #«09~75 1030 CROSS0D8

C BRSSPIt e Tt s ettt Pt Al aR Tt asnogsutnsrtasatensrratressa(RoSS00Y

REAL Xt31, Yi3), 2(3) CRo55030

C B IR a RS et a st asttqatotestistttssstastPuoangandtagsianatansnansanalRoS509n

ZULY = Xt2) o F(3) = X{(3; * y(2) ’ CR0S5100

Z02ZY = M3} & ¥l1) = X{1) * Y[3) CROSS110

Z13) = X{1) e yi{2) = X{21 * Y(1} CRoS55120

RETURN CROSS800

ol BB R RPN a St E sV e R et stitabtaeRBagutetraatPasnsrinngnnsneCRS55977

END CROS5%98

IRMIS.vECT=MAT=0PY

IRM1IS{] ) e YVECT=HAT=HPY

(AN aNaNal

N

JARDFRe /102776

[1}.ARRFRC/1G~27-7%

[aNalaNalsl

SUBROUTINE VYumPY [ X, AT ¥ ) VHNPYOO!
YECTOR HATRIX PRODUCT; v » X A . VHEPYDOZ
J.R.RADBILL, JPL, SECT.914, Mall 125-10¢4, PHONE (213) 354-7097 VHHPYOOQ7
STARTZD 4«02-7%, LAGT CHANGE £-03-75 1430 VHHPTOOS

e R IR et ARS It snt gt antantisnInBRetantttatsurtasntasttarara s VINPYODY
REAL a13,3), %31, vi3) VMMPYO30
o.ot.oca;.OOQoouoctag.o}tcvncc-ln--co-ao-.cc.--c..oauioonqoi.coao.VHHPquu
YU1) = X{lieafT 1) #X{2}aAl2,1) +X13)®A{3,1) VHMPY100

YU2) = Xtllealy,2) +X0209A02,2) «X{319A13,2]) VMHPY 10

Yi3) ® X{1laeAl7 430 +X(21eh12,3) +X(3)1%A(3,3]} VHMPY120

RETURN VMHPYBO0
PR L T T L T e e P T T Y R Y P Y PN Y Y YA LA LA & 4
Enb . VHHPY99g
SUBROQUYINE AROFPC ( VwRuAG, ALPHAYy OMEGAW: Fhy TW | AROFOOIO
ApRODYNAMIC FORCCS AND mOMENTS FOR BoODIES WITH 3 PERPENDICULAR ARQFOD20
PLANES OF SYHMMETRY OR CyL1UDERS AND FAR FROM GROUNMD PLANE ARpFOD30
JeR PaLLILL, JPL, SECY.366, MAIL € 1257128, PHONE (213) 354=2989ARQFO040
STARTED 4=06=75, LAST CHANGE 10-27-76 1loi& AROFODSO

N E PR IR E Akt a TR p et asab b isratagetunsnpontasntasrssnnnssnnasARQOFO06D
LoGical pRARDF, CYLMDR ) ARp¥FOD70
REAL aLPHAW{3), OHCZAW(3), FA(3), THi3}, LORy, SGHA[4,6], AROF0G80Q
sGMP 4,53, CTD{3), ALFTAB(19), PHITAB{4), ESPAD(37}, ARQFOQOB]
COFTAB{19,4,517 Cte), SIGNC(4) ARQFOODE2
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C

MANGLE

10

50

90

AGE
OR‘G‘“N' PQU AL\TY

ColiMgN FCRERDC, CAgROT L“Rl: ALFTAB, Na, lPa, PHITAB. NP, IPP, ARQFO0%0"

. cOFTAB, CTD, SgHa, SGNP, PRAROF, CYLNOR ARQFO091
. sESTATE, ESPAD, c ARgF(G1 00
DATA 10CFTy DGPRAD/ 19, 57+295780/ ARDFOY 10
DaTA SIGNC/ +tes =1, *le, =14/ AROFDI15
SRS LAAugesTant st st gttt aaninebRgastaperssntpantanenesnrasnanalRoF0l2p
CF = CAZPD o VY RMAGee2 ARQFQI30

CT = LOR| # CAgRO * VWRMAG ARQFO140

IF tCYLNOR) GO TJ =0 ARQFOL 45

se® SECTION FOR SHAPES ITH THREE PERPENDICULAR PLANES OF SYMMETRYARQFOl4s
s*s FIHD QUADRANT afF PITCH AND VAW ANGLES aNp MAP INTO D=PI/2ARQFO15D

CALL "ANGLE 1 ALPuwAW{?), ALFWR, IQa 1} ARQFOG160
CALL MaMGLE { MM PrAW(3), PHIWR, IQP ] ARQFO:7D

#se LODP TO INTEPPOLAYE FOR &6 WIND AX1S CUOEFFICIENTS ves ARQFQO18B0Q
MSRe = 2 ARQFO18s5

00 10 IC = 1, & ARQDFOL19D
s0e SET UP 2D INTERPOLATION FOR [CTH COEFTICIEHT wes ARQFO200
Caly TB2SST ( aLFT43, Na, IPA, MSRC, PHITAB, NP, IPF, WMSRC, AROFOZ1O

. COFTARLE,141Cs, IDCFT, IgRR | ARQFOZ1}
#os [HTERPOLATE FOg ICTH COEFFICIENT ase ARpFO220
ALFYD = ALFWR , DGPRAD ARQFD222

pHIvD = pHlnR o DGPRAD ARQFO22y4

Cilc) = THZGET [ aLFWD, PHIuD ) ARDFOZ30

asa CONPUTE FORCES wsw ARQFO240

IF (TC,LE«3) FwiIC) = C{IC} oCF osGHa(lQa,IC)eSGNP(IgP,IC)ARQFD250

%8 COMPUTE MOHENTS sse ARQFO24D

IF (IC.GE.4) TWwile=3) = C(IC) oCF oSGNATIQA,1C)1eSGNPIIGP, IC)ARDFD27D
TF {1C,GE &) Tw(le=3) = TW{IC~3) +CTDIICm3] #OMEGAW[IC-3}¢CTRARQFO280

MSRC = 3 AROFD290

CONTIHUE ARQFO3DA

80 TO 50 AROFO350
as* SECTION FoR CYLINDRTCAL OBJECTS wes ARQFO400
#%s FIMD NUADRANT nF PITCH ApGLE ese ARQFOYHOS

CALL HaANGLE t ALPuAW(Z), ALFWR, I8a 3 ARQFO4i0

ALFWD = aAlLFwg , DSPRAD ARQOFO4]2

*es INTERPOLATE FOR CEFFICIENTS wes AROFO4S
Do 50 1€ = 1, 4 AROFOH20
CALL SLUP ( ALFWDT ¢rlcCy, CPOT, ALFTAB, COFTAB(1,1,1C), NA, ARQFD43p

* | 1.7 W ARDFO43)
COnNTINUE ARQFO44D

sat*s COMPUTE FORCES AND MOMENTS eae ARDFO4Y4S
FWil) = cil) * CF ARQFO450

r4tzr = p. AROFO460

FWi3) = cl2) & CF & SIGNCIIQAD ARQFO480

TH{]) = Q. ARQFO49¢

TWEZ2) = Cc(3) & CF o SIGNC{IQA} +CT & Ci{g) = OMEGAW{2) ARQFOB1Q

TWI3) = Qe ARDFOS20

IF [PRAROF) WRITE (4,200} VwRMAG, ALPHawW, OMEGAW, 1ga, ARQFOS50

. ALFWDY 1P, PRIWD, €. FW, TW ARQFOS5)
RETURN ARpFO8ON

l"l.'.lI"ic..‘."..l.l'c'OCIIDOIQCOlDCQDGQCOIGIt‘.lll'."‘ltitlAROFﬂ?DU

00 FORMAT (,2X, 7HVWRMAG=, ¥g,5,gMH,aLPHak=, 3Fl,5,8H,0MEGAW= 3Fg,5, 4ARoF0%L0

. 2%, HHIQA'312,7H ALFhG-,rﬁ.S,JH,loPs,[Z 7H PHIHD;.Fa.s, ARQFO%]
4H, L=, 46F&a3y 5%, IHFW™,3FB,5 4H,TW=, 3Fg,5 ARpFO912
.l“'l‘l...'.ODQOOODUII..CQCII‘.‘C.'l.“."‘.ln‘.'l.il.‘.‘llgi-é..ﬁﬂgfﬂ???
END ARQFO998

Vi3 MAnGLE

aOnNnan

nao

SUBAGUTINE MANGLE t A, aBaR, 1QRD 1} BANGLOLIO
MaP ANGLE MYHTO FIRST gUaDRANT AHNO RECORD SOVRCE GUADRANT MANGLOZO
J.FL RADRILL, JPL SECT 386, MAIL C 125-128, PHONF (213) 354-298% HANGLD3O
STARTED B=28=76, LAgT CHANGE 8-26«76 |43p HANGLO4O

BB RSP LI e IABRE N LA N rR s IRt sssaNapatrsdpantansngetayensse HANGLOGD
DaTA pl, PIU2 7 3,1815727, 1.57079&4 4 HANGLOSQ
E RS N E R AT e T PRI LA N gE AT eI nAt Nt rtauntgurTaswrranngennesHANGLOTD
«se TEST IF ANGLE IS + O = sse - HANGLDSO
IF ( 4,6T.0 ) &0 1o 50 MANGLOFG
ses MINUS, TEST 1F 3RD QR 4TH GUADRANT ses HANGL 1 OO

IF { A.GT,=PIU2 ) 50 TO 10 HANGL1 1O

ea® 3RD QUUADRANT o= HANGLI20

E-15


http:ITC.GE.41

10

20

30

90

ABAR = P * 3 HANGL] 30

Ve QUATD ,7-27 =75

[11,QUsTD/7227=76

OO ONNMN

nn

5

IRAD = 3 MANGLL4Y0

6o To 90 HANGL1SO

sav 4TH JUADRANT sxe HANGL1 60

ABAR ®=p HANGLL7O0

{9AD = 4 MANGL]80Q

Go To 90 MANGLLI?O

wea pLUS, TEST IF 1ST OR 2HD JUADRAHT ess HANGL 20D

IF 1 A,GT.+PIN2 ) GO TO 30 MANGLZIO

2ot }ST QUELDRANT sew MANGL22D

ABAR = A MANGL220

{QAD = | MANGLZHD

G0 To 92 . MANGL 250

sae 4TH QUADRANY ene MANGLZA60

ARAR = PT1 = A MANGLZ7Q

jUAD = 2 MANGL280

MANGLZ90

RETURN MANGL 30O
PR U O eyt R A At RNt a ettt tanstenttodengastenaranengrassalANGLIID
END HANGLIZ20
SUBRNUTINE QUATD ( OMgGa, Q, DA ) QUATDOO]

CoMPUTE D@/DT * -,580MEGASQ, WHERE Q 15 A QUATERNION DESCRIBING  QUaTDgO2
orRIENTATION OF BODY AXEs, D@,DT ITS5 TIME DERIVATIVE AND OMEGA THE QUATDODOZ
ANGULAR vgLoClTY VECTOR TREATED AS A QUATERNION WITH ZERO SCALAR QUaATDOO4

PART, OMgGAZQ DENOTES p QUATERNION PRODUCT. QUATDOOS
J.R,RADBILL, JPL, SECT.%14, MAIL 125-109A, PHONg (213) 354.5552 JUATDOOY
STARTED 4-02+-75, LAGT CHANGE 7-27-74 |44g QUATDODSR

R tBaR A st teantsnstanttaateanoagitucrtagatgnatsantavetatngansesQUATDOOY
REAL OMEGA 3y, N4’ DALY} QUATLDAD

q-i’:no.;g-‘on‘-.-atcot.‘ctt.all'c?'ill'!u!'hlﬂOOQO'lt0!'l‘0¢0'.!lQUATDU?ﬂ

ses NORMALIZE QUATERNTON TO MAINTAIN ORTHOGONALITY of TR HATRIX QUaATDOYZ

«CEULER/10=22470

111,CEQLER/ 1022776

C
c
C
C

(al¥s]

Ve PRINT&/11=C1=76

L1V ,PRINTS/11=01+7s

C

QMT = {47 SQRT( Qt1}e+2 +Q(21®v2 +Q(31%e2 +Q(4)esZ QUATDOT3
bog 1T = 1, & RQUATDOSY |

nitl) * Q(Il o oMl QUATDOYS

ass COHPUTE DERIVATIVEG OF GUATERNIGN CCMPOMENTS w#ss QUATDOY?7
DQ{1) = ,5 «f +U[2),OMEGA(]) +Q(3)e0MEGA(2) +{4%)+0MEGA{3} } QUATD]lGO
DQ(2) = .5 s(- =[]} OMEGA(L] =D(4)20MEGA(2) +Q{3)«0HEGAL3) )} QUATDI}O
DQRI3) = .5 s +Q[4) OMEGA(]1) =RLjI*OHEGA (2} -Q{ZJs0MEGA(3) 1 QUaTD|20
DA(4} = L5 a{ =A(3)0MEGA{1] +R(2}=0MEGA(2} =qQfl)sOMEGAIZ] } WUATD130
RETURN QUATDBOOD
cabtRtitgnsiiasnasertogsgioatpsstssasaqudasstpratpnntsnesSonttesnnesQUATDYSY
EnND QUATO?98
SUBROUTINE CEJuLER ( TRMMBI, EULERA 3 CEULROOn
COIPUTE EFULER ANGLFS FRaM TRANSFORMATION HMATRIX CEULRO]}D
JeRLRADRILL, JPL, SeCr,366, MAIL 125-128, PHONE {213} 354-298¢ CEULRD20
STARTED 6=02-75, LAgT CHANGE 10-22-76 1500 CEULRD3D
IIOCOOHCt."oﬂoD..ot.i..l..tg.lo..al..-l.;t'ﬁ’.Dl!ilct.‘..tG.l.!-'CEULRDqg
REAL TPNHBEI (3,31, FuLERA(2A) CELULRDS0
destenragaTrant oot ot anrntognnsattanttagetnrusagntantnaceergtssealEULROSD
**8 yAh pHGLE *ea CEyYLRG70
EULERA{]} » ATaN2(=TANMBj(2,1), TRMNBI(],1) } CEuLRpan

ees PITCH ANGLE awg CEULRO?0
EULERALZ) = aSTH( +TRHMBI13,1) ] CEULR190

#sa ROL{ ANGLE ass_ CEYLRI 1D
FULERA(3) = aTzNz( TRMMBI(3,2), RFNHBI(3,3}) 1 CEULR] 20

RETUPN 1 CCyYLR1 3D
BRI R st r et R a sl g, st siastluetneandasFResstipucanensantatssneCEYLRIND
[ 30] CEULR150
SUBROQUTINE PRINTS PRTS00OL
PRINT KESULTS OF OME INYEGRATION STEP PRTS00L0
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http:11-vl-.76
http:TPNMBI(3.31

no

JeR,RapgTLL, JPL, SEC7.366, MAIL 125~128, PHONE (213] 354=2989 PRTSQ002p

STARTED 4=-02-7%, LAST CHANGE 1J-a1-76 3p0 PRYS0D30

c o.l.uc-s.t.lno--a-eo.a-.c.ac...'o..D...i..o.aooc..sb..autgangioaﬁ.PRTSQQHO
Loftcal  pBERIY, PLOT, eRINTV, CYLNUR PRT30050

REAL ¥TC¢2), Qt4), | tat, OMFGAL3), EULERA(3), TRHHBI(3,3), PRTS0040

[ ]
-

YNU1G), INERTI(3,3), PAD1(9), PAD2is), V4IND(3), XV(s}., PRTS0070
aLTHAM {3}, OFERAW(3), YWREL{3), F¥(3), Fil3}, UMGRPS{3), PRTSO08Q

. VFPS{3), XFT(3y, Cis)y PADARO(SIT] PRTS00BS
COMUON JCSTATEZ Ty Hy DTPy TF, XV, XTC, Q, L, YN, PRINTY PRTSO0%0

. JESTATE; OMgGAT gULgaA, TRNMal, TCSgC, PDERIV, Vwlkp, PRTSO100

. ALPHaW, oREGAW] VWREL, Fw, Fi, VwPMAG, PLOT, ¢ PRTSO110Q

. JCAEROC, PApaRn, CYLNDR PRTSD120

. JTORN/S RiMILz, LATDEG, VHXHPH, PAD] PRTSO130

- JCINERT, INERTY, PADZ, BRYWTP PHTSO140
DaTA DEGPP / 574295780 /, FIPuIL, 5280. /, FTHPMS / |,9646667/PRTSOIS0

. + REDPRY /s &.283785 / PRTSO160

c SEU IRt LRI st ttutar ittt Attt netapatannnnentanesesPRTSO]TD
RIFT = RIKILE = FTPMIL PRTSOLED

VMXFPS = YHXHPY « FTHPHS PRTSO190

RYPRTC = 14 ;s  RADPRY » TCSEC 1} PRYSO0200

T5£C = T + TeSpC PRTSO210

HSEC = H 2 TrSpC PRTS022n

sUM = n, PRT5022%

o6 2 ! = |, 3 PRTSD23Q0

XFYt1l 2 Xylgel=l) o RIFT PRTS0240

YFPS{1) = Xyloe1) » VHXFPS PRTS0250

EVLERA({I) = gV ERA(}) + DEGFR PRT50255

OHGRPS(I) = pMgGA{l) & RVPRTC PRTSO260

sUM T VFPo(Ilwaz + SUM PRTS0245

2 Conylitug PRTS0270
ARITE (6,200) TSEC, 4SEC PRTS50320

ARITE (4,2,01 XF{, VpPS, QHMGRPS PRTS033D

RXYFT = SQRT[ yFT(11+#%2 + XFT(Z2]u*2 3 PRTS0370

SPDOFPS a SQRTI SUM ) PRTS0380

WRITE (6,23D) EULpRA, RXYFT, SPDFPS PRTS03%0

c %3 PRINT EXTRA vARIABLES TD STUDY TRIM OF MISSILE weee PRTS0400
IF {4 NOTePRINTV! GO 10 10 PRTSO410
ALPHLAL) = sLpHaW(1) » DEGPR PRTS0420

Do 7 I e, 3 PRTSO4%3n

OHEGAA[I)] = oMpSAW({T) eRVPRTC PRTSO44p

YHINDIT) = yyinD(l} e VHYMPH PRTS0450

YHREL(I) = VwRpL(1l) e VHXHPH PRISO440

FWl T} = Fyly) « BDYWIP PRTS0470

Fltn = FrlT} » BOYWTP PRTS0480

ALPHAYW{T) = sLpHaA¥W{]) + DEGPR PRTSD48g

7 ContiNyue PRTSO490
MRITE {612490) vulgD, ALPHAW, QMEGAW, VwrRCL, FW, FI PRTSUS00

TF (CYLNDR) WaITE {4,245) [ C{l), I = 1, & ) PRTS0502

IF {+NOT+CYLNDR) WRITE (6,248) C . PRTYSO504

1 IF ¢ PLOT ) WRITE t3,250) TSEC, XFT, OMGRPS, EULERA, VwIND, PRYSOS10
- VWREL, fw, FI, YWRHMAG, ¢, RXYFT, SPDFPS PRTSO0S520
RETURN PRTSOS40

[ 00’Iob-t-a!‘ov-ocgtoaoo.o.ltuailﬁallttﬂlts-.QOOOQUCO-OUCGUGOUHQ'OOPRTSUSEO
200 FORMAT ([ 7HD TSECa,Fltegs7Hy HSECEsF 9,6 ) PRTS50540

210 FQHRMAT { 9 XFT ., Fi.l, GHy YFT mye F7e¢8y ?H, IFT ay F7ely PR15057Q
» g1 UTPS =2, Fy.), $H, VFPS =, F7.1, ¥H, WFP5 =, F7¢1/ PRTSOS580
" 94 OHXRPS=, F3.3, 9H, OMYRPS®, F7.3, 9H, OHIZRPS=, F7.3) PRYSO59Q
230 FORHAT « sH  Yhws, Fg, 1. aH, PITCHZ, Fbal, 7H, ROLL=, Fasl, PRT50400
. shs KAYFT®, F6,0, 9H, SPDFPSa, Fg.t } PRTSOL1G
240 FORHAT ( od  yMiub = 3¢, 9H, alPHaWx, 3Fg,1, 9H, OMEGAwWs, PRTSO420

L]
245 FoR»AT |
.

3Fb6,3/ 8H YwRglLws, 3F7,1, B5H, FWs, 3F7.1, 5H, Fl=, 3F7,1)1PRT50630
sh ¢ch=, F7,3, BH, CL=, F7,3, 5d, Ch=, F7.3, &H, CHgs, PRTIS50631

F7e3 } PRYS0632
245 FORMAT ( Sh cD,F7.3, Su, CE=,F7.3, 5H, {L=:F7+3, %H, CHMApLL=,F7,3PRT50435

. , J1GH, CHMPITCH=,f7,3, 8H, CMYAWSF7,3/ ) PRT50634

250 FOFHAT [ 1P&E 2.4 ) PRTS064D
(s ...t.nna..-l-onn-a......n..ooo-.-.olo--lou00.0¢-.¢o6¢o‘b|..t.l-oo.PRTSO&SQ
END PRTS0660

+TERMIN/01-07 =77

ORIGINAL PAGE IS
(}:. Fm)(}gl (}E!é!’?ﬂf
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(1), TEpuit/QL-07-77
SUBROUTINE TERMIN L G ) TERHNOIL D

c CONFUTE ¢-STOP YECTUR, TERNINAL CoNLITION AMD EATREMA CONDITIONS TERMNOZO
C J,R,RFapzlLL, JFL, SECT.3846, MAIL 12h~128, PHONE (213) 354-2989 TERHNNg3g
¢ STARTED 4-G2~75, tAST CHALGE pl1-97~77 1340 TERMNO4 D
C eES ARSI Rt tatotouTRaRR bt TantBestiastngrB st nntuscnnansisracaaTERMNDEQD
REAL GL5), Tsrgc‘q); Pal} 125), PAD?‘I"_’I} TERHNDG&Q
oMol ,CSTATES TSPEC, X, U, Y, ¥, Z, ¥, Pabl TERHNO70

. /D5TATEs DY, Cv, DY, PADZ TERKNCED

[ PP N A A e Ay BV E RO s P A PRI R LAt snabssetareBgannsrarnatyranas TERMNOID
c ses cHECE IF WIhD CARRIED OBJECT HAS HIT GROUND PLANE %ew TERMNIQOD
Gli} = 2 TERMNLIO

C esw CHECKR FGR CaTPeMa IN HEIGHT asee TERMN}ZO
glZ2) = W TERHMH]30

c a3+ CAECK FOR EXTHgHMA IN HORIZOHTAL SPEED easw . TERMNLHQ
YH2 = Uea2 + Vo#2 . TYERHMN]SD

IF (VH2.0E.00) . TERMNL &0

. 5131 © ( Uspu 4 VeDV by SQART( VH2 ) TERMN170D

IF (VH2,EQ.Qe! Gla) = D, TERMN18N

c swe CHECK FOR EXThpMa 1M SPEED ALONG TRAJECTQRY ess TERMNL 90
Y2 = VHZ + We®3 TERM!NZ200

IF (v2.HE.D.) TERMNZ10

. Gi%) * ( Vapy 4, veD¥ + WeDW )/35QRTEL V2 ) TERMNZ220

IF (¥2,EGeC ) Gty = 0, TERMN230

c ass CHECK FNR EXTREpda IN HORJZONTAL RANGE ses | TERMNZ4g
RZ = Xeax2 + Yw,2 TERHNZED

TF (RZ.hEW0a1 TERMNZ&D

. GIS) = ( X*y + YeV js SART( R2 } TERHN27Q

IF (RZ,LA,0.} G(5) = O, TERIINZBO

RETURH TERMNZ90O

c SR N AP S LBt gl aR Tt PR IS eFlaneRR b as st guntatbsnassrgrrans TERMNIOD
ern TERIIN3LO

+BLOCK AATA U7 =28-77

vl Black=-0aTs02-20+77
LILACK ATy

HEAL SGMA(241, SGUP 24}, PADL(488), PADZ(2)

coiiMan sCAERQC, PAD), SGHNA, SGNP, PaD2

oaTa SGAUA/* e, ¥l ttuy vl u e ¥lay =lay=les*l a=tantler=laq
b laymly vtan=lagtla,=ley +1,4=lag*tys=laptlan=1e/
i.:nTr\ Shupf*iii*lIU*TI"'lll"l'.'ll‘ 41.'-l|i+lol‘lll*1.l‘lt.
b '1o|-1.'+i0|'l|;+1¢,"log *les*len*log=las+lan=ie/
EnD

cTfy 21 SUP3142,854

NiF2
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APPENDIX F

ENGLISH TO METRIC UNIT CCNVERSICONS

To Convert Into Multiply by

in. cm 2. 540

It m, . 0,3048
ftz/sec mz/sec 0. 09290
mph m/sec 0. 4470
1b/ft? N/m?” 47,88
mile Km 1.609
Ib_-t" kg /m" 0. 04214
b kg 0. 4536
ft/sec m/sec 0. 3048



