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Tornado - Borne Missile Speeds

Emil Simiu and Martin Cordes

At the request of the United States Nuclear Regulatory Commission (NRC) the National

Bureau of Standards (NBS) has carried out an independent investigation into the question

of tornado-borne missile speeds, with a view to assisting NRC in identifying pertinent

areas of uncertainty and in estimating credible tornado-borne missile speeds - within the

limitations inherent in the present state of the art. The investigation consists of two

parts: (1) a study, covered in this report, in which a rational model for the missile

motion is proposed, and numerical experiments are carried out corresponding to various

assumptions on the initial conditions of the missile motion, the structure of the tornado

flow, and the aerodynamic properties of the missile; (2) a theoretical and experimental

study of tornado-borne missile aerodynamics, conducted by Colorado State University (CSU)

under contract with NBS, to be covered in a separate report by CSU. In the present

report, the factors affecting missile motion, and their influence upon such motion, are

examined. Information is provided on a computer program developed for calculating missile

speeds. Maxinum speeds for a number of specified potential tornado-borne missiles are

presented, corresponding to a set of assumptions believed by the writers to be reasonable

for design purposes. It is pointed out that higher speeds are conceivable if it is

assumed that certain circunstances, examined in the body of the report, will obtain.

is the judgment of the writers that the probabilities of occurrence of such higher speeus

for any given tornado strike are low. More than qualitative estimates of such probabilitie

are, however, beyond the scope of this investigation.

KEY WORDS: Missiles; nuclear engineering; structural engineering; tornadoes; wind.
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1. INTRODUCTION

To ensure the safety of nuclear power plants in the event of a tornado strike it is

required that, in addition to the direct action of the wind and of the.noving ambient pressure

field, the designer consider the impart of tornado-borne missiles, i.e., of objects

moving under the action t-f aerodynamic forces induced by the tornado wind. It is, there-

fore, necessary that estimates be made of the speeds attained by potential missiles under

tornado wind conditions specified for the design of nuclear power plants.

Several such estimates have been reported so far [1, 2, 3, 4, 5, 6, 71. In certain

instances the differences between various estimates are very large; for example, the

predicted speeds of a utility pole [13-in (0.33 c) diameter and a 35-ft (10.7 m) length)

predicted by Refs. 5, 6, 1, 2. 4 and 3 are 16.5 m/s, 30.5 =is, 41.2 m/s, 42.7 m/s, 52.2

m/s and 54.9 mis, respectively. For any given missile, the kinetic energy associated

with translational motion is proportional to the square of the speed; in the case of the

utility pole, therefore, the ratio of the largest to the smallest of the kinetic energy

estimates of Ref. 1 through Ref. 6 is greater than 10. For other missiles, the ratio

varies from almost 2 in the case of a 1-in (2.54 cn) diameter steel rod to over 5 in the

case of a 4000 lb (18,000N) standard automobile.

In most cases, such large discrepancies are the consequence of differences between

basic assumptions used in the various estimation procedures. These assumptions include:

- the initial conditions of the problem, I.e., the initial position of the object

with respect to the ground and to the tornado center, and the initial velocity

of the object.

- the detailed features of the wind flow field.

- the aerodynamic characteristics of the object (which, in most cases of practical

interest, is a bluff body).

Differences between the various sets of basic assumptions used in estimating tornado-

borne missile velocities may be ascribed, in part, to the probabilistic nature of the

problem. Indeed, for any given tornado wind field, the initial conditions constitute a

set or random variables with a very large number of possible values, the choice of which

is not unique. More importantly, however, such differences are a consequence of serious

uncertainties regarding both the structure of the tornado flow and the aerodynamic behavior

of the potential missile.
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At the request of the United States iluclear Regulatory Commission (NRC), the National

Bureau of Standards has carried out an independent investigation into the question of

tornado-borne missile speeds, with a view to assisting NRC In identifying pertinent areas

of uncertainty and in estimating credible tornado-borne missile speeds--vithin the limitations

inherent in the current state of the art.

The objectives of the investigation were defined as follows:

1. To select a rational model for the tornado-borne missile motion.

2. To develop a computer program based on this model, capable of computing Missile

trajectories and velocities for any specified initial conditions, tornado wind

speed model, and assumptions regarding the drag force acting on the missile.

3. To calculate, for a specified set of initial conditions and for a specified

wind speed model, the trajectories and velocities corresponding to a number of

specified potential missiles.

4. To determine, in a number of representative cases, the sensitivity of the

calculated results to changes in the assumed initial conditions or in the

assumed tornado wind speed model.

5. To obtain and interpret information, based on wind tunnel tests, regarding the

aerodynamic behavior of various potential missiles, i.e., drag coefficients for

various missile motions, including motion in the tumbling mode.

6. From the results of items 3, 4 and 5, suggest credible speeds of selected

potential tornado-borne missiles, compatible with the current state of the art

in nuclear power plant design.

2. MODEL FOR THE TORNADO-BORIE MISSILE MOTIO1

The motion of an object may be described in general by solving a system consisting

of three equations of balance of momenta and three equations of balance of moments of

momenta. In the case of a bluff body, one major difficulty in writing those zix equations

is that the aerodynamic forcing functions are not known.

It Is possible to measure in the wind tunnel aerodynamic forces and moments acting

on a bluff body under static conditions for a sufficient number of positions of the body

with respect to the mean direction of the flow. On the basis of such measurements, the

dependence of the forces and moments on position, and corresponding aerodynamic derivatives,

can be obtained. Aerodynamic forces and moments can then be calculated following the

well-known pattern used in airfoil theory; for example, if an airfcil has a time-dependent

vertical motion h(t) In a uniform flow uith velocity U, and if the angle of attack is

a - const, the lift coefficient is

CL i-dCL (5 + -) (1)CL U dt

This procedure for calculating aerodynamic forces and moments is valid if the quasi-

steady assumption [Ref. 8, p. 192] is acceptable and if the body concerned behaves

2



aerodynamically like an airfoil - i.e., if the body is streamlined and if no flow separation

occurs. However, in the case of unconstrained bluff bodies moving in a wind flow the

validity of such a procedure remains to be demonstrated.
In the absence of a satisfactory model .for the aerodynamic description of the

missile as a rigid (six-degreeu-of-freedon) body, it is customary to resort co the alternative

of describing the missile as a material point acted upon by a drag force

D 1/2 p CDA 1 V - VH I ('J v - * * (2).

where p air density, V - wind velocity, v. a missile velocity, A is a suitably chosen
area and CD is the corresponding drag coefficient.

This nodel is reasonable if, during its motion, the missile either (a) maintains a

constant or almost constant attitude with.respect to the relative velocity vector vy -

vH or (b) has a tumbling aotion such that, with no significant errors, some mean value

of the quantity CDA can be used in the expression for the drag D. The assumption of a

constant body attitude with respect to the flow would be credible if the aerodynamic

force were applied at all times exactly at the cent'er of mass of the body--which is

highly unlikely in the case of a bluff body in a tornado flow--, or if the body rotation

induced by a non-zero aerodynamic moment with respect to the center of mass were inhibited

by aerodynamic damping forces intrinsic in the body-fluid system. The question thus

arises as to whether such stabilizing forces may be expected to be present.

It is of interest at this point to mention certain experimental results--obtained in

studies of bridge deck aerodynamic stability--which provide useful insights into the'

question at hand. Consider a body restrained by four springs of equal stiffness, immersed

in a horizontal flow (Fig. 1), and subjected to an impulse which produces angular oscillations

8(t) about the position of equilibrium [9]. In the case of an airfoil with a sufficiently

small angle of attack so that flow separation does not occur, the aerodynamic damping,

which is proportional to the quantity denoted by 1J* in Ref. 9, is positive. This implies

that the flow will contribute , along with the viscous damping inherent in the springs,

to the damping out of the oscillations. On the other hand, for bluff bodies, at high

velocities of the flow and for vanishing values of the spring stiffness, the aerodynamic

damping is negative in the large majority of the cases tested 19].

These results suggest that, in general, no stabilizing effect by the flow can be

expected to inhibit the tumbling of bluff bodies. The assumption that potential tornado-

borne missiles will tumble during their motion appears therefore to be reasonable. It

will be this assumption that will 6e used in this work.

3
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Assuming that Eq. 2 is valid and that the average lift force vanishes under tumbling

conditions, the motion of the missile viewed as a one-degree-of-freedom system is governed

by the relation:

dt Mw H w

where g - acceleration of gravity, k " unit vectori along the vertical axis and m m mass of

missile.

It follows from Eq. 3 that for a given flow field and initial conditions, the motion

depends only upon the value of the parameter CDA/m. Throughout this work, the area, A, will

be expressed in m and the mass, m, in kg. To transform the parameter CDA/w, where A is

expressed in ft  and the weight in lb, into the parameter CDA/m, where A is expressed In

r2 and the mass, m, in kg, the following relations are used:

CD l ft2  D C 205 V (4a)
w lb M kg

C A 2 CA 2
D X CD (4.902 t 4b)
m kg w lb

3. COMPUTER PROGRAM FOR CALCULATING
TORNADO-BORNE MISSILE TRAJECTORIES AND

VELOCITIES

To calculate and plot trajectories and velocities of tornado-borne missiles, a

computer program was developed in which the assumed models for the tornado wind field and

the drag coefficients are specified by specialized subroutines (details of such models

are given in subsequent sections).

In Eq. 3 the components of the missile velocity vM and of the wind velocity vw must

be refArred to an absolute frame. The wind velocity v. is usually specified as a sum of

two parts. The first part represents the wind velocity of a stationary tornado vortex

and is referred to a cylindrical system of coordinates. The second part represents the

translation velocity of the tornado vortex--or, equivalently, of the cylindrical syitem

of coordinates--with respect to an absolute frame of reference. The trcnsformations

required to represent Vw In an absolute frame are derived in Appendix A and are incorporated

in the computer program. Documentation on the c~omputer program and a sample input and

output are given in Appendix C. The program, which is written in ANSI Fortran language,

may be obtained on tape from the National Technical Information Service, Springfield,

Virginia 22151.

For the particular case of a parallel flow, an analytical solution to the problem of

the missile trajectory can be easily obtained. This solution, which can be found in

Appendix B, has been used to test the program, in which the subroutine describing the

wind field was modified to represent a parallel flow.

5



4. NIRERICAL COWPUTATIONS

It was previously noted that, for a given flow field and for given Initial conditions,

the missile motion depends only upon the value of the parameter C DA/m. In this section,

numerical results will be presented which show the effect of this parameter on the =mnimum

horisontal missile speed. The calculations are based on the following assumptions:

1. The parameter CA/r is constant during the missile flight.

2. The tornado wind field may be represented by a vortex translating with a

uniform velocity vT along an axis denoted by Ox (Fig. 2). Let v., vD, v. and v Ot - (vR2
2 1/2TT

+ v 6) dennte the radial, tangential, vertical and horizontal velocity in the vortex

flow, respectively. It is asstmed that

rot v O < s c R (5)

R M

rot r vm Rm < r < (6)

where v is the maximum horizontal velocity in the vortex flow, r is the radius (distance

from the vortex center) and R is the value of r at which this velocity is attained.

Eqs. 5 and 6 are similar to descriptions of the flow proposed in Ref. 10 (p. 135)..

Furthermore, it is assumed that VR * 1/2 ve and v7 " 0.67 v6, i.e., (sea Fig. 2).

R a-r- rot (7)

VD -- vro (8)

4
z rot

The type of model just described Is referred to as the Rankine vortex and appears to

be a reasonable representation of tornado flows. Estimates based on field observations

suggest that it is reasonable to assume--as is done in this model--that Rm is Independent

of height [Ref. 10, p. 131).

6



The following values for the tornado wind field parameters were used in the calculations:

Table 1 - Values of vTsv Mand K Used in Nuerical Calculations

VT V V torn M+ VT

Tornado /a* mph m/A* mph =/u* mph m* ft

1 31 * 70 130 290 161 360 46 130

2 27 60 107 240 134 300 46 150

3 22 50 85 190 107 240 6 150

4 31 70 146 325 177 395 46 150

5 27 60 120 288 147 348 46 150

6 22 50 95 213 117 263 46 150

* Approximately

The values given in Table 1 for tornado types 1, 2, 3 are suggested in Ref. 11 as providing

an acceptably low level of failure if used in the design of nuclear power plants. The

values for tornado type 4, 5 and 6 were included for the purpose of studying the effect

upon missile velocity of relatively small increments in the value of v M

3. The assumed initial conditions are: x(O) - RK, y(O) - 0, z(O) - 40m, vMX(O) - 0.

VHy(O) - 0, v~z(O) 0 0 at tiget 0 ,. where x, y, z are the coordinates of the missile

(i.e., of its center of mass) and v,,, VMy) vHZ are the missile velocity components along

the x, y, % axes (Fig. 2). Also, at time t - 0 the center of the tornado vortex coincides

with the origin 0 of the coordinate axes. The effect of assuming Initial conditions different

from those indicated is examined in the next section of this report.

The dependence upon the parameter C DA/= of the maximum horizontal missile speed calculated

in accordance with assumptions I through 3 is represented in Fig. 3 for tornado types 1

through 6 as defined in Table 1. In Fig. 3 vtorn - vT + vl (Table 1).

5. SENSITIVITY OF CALCULATED RESULTS
TO CHANGES IN THE ASSUMED INITIAL

CONDITIONS OR IN THE ASSUHED TORNADO
WIND SPEED MODEL

5.1 Changes in the Assumed Initial Position of the Missile.

For flows with v- - 146 /sl; Rn - 46 m, and vT - 31 m/s, thu maximum horizontal

speeds of missiles with CDA/m - 0.001 and %A/m - 0.01 were calculated using the initial
positions shown in Table 2. Except for the initial positions, the resulto of Table 2 are

based on the assumptions described in the preceding section. It is seen from Table 2 that

7



Table 2 - Maximum Horizontal Missile Speeds, vmax

CorrespondinS to Vsrious Initial Positions

Initial Position C A/=

(iY (2) (3) 4 _________ (6) -

x(0) I y(O) 0.001 0.01

- - (meters) ,

(a) 0 46 0 10 65

(b) 3 23 0 18 93

(c) 0s+ 69 0 9 48

(d) 0 -46 0 18 82

(U) 0+ 0 46 16 68

(f) .0 0 23 20 84
(8) Q(;. 0 -23 35 50
(h) Q o -46 54 70

1. Arrows in column (2) represent direction

2. Assumed elevation of missile at time t -

of translation velocity vT.

0: x(0) - 40n in all cases.

Table 3 - Maximum Horizontal Missile Speeds,_v=X, _S) Corresoondlnr to

Initial Elevations ztO) - loi,
aCO) a 20m and zCo) s 40m (C-A/m - 0.00l

Initial Position - Z(Q -

() (2) (3) (4) (5) (6) (7)_

_ (0) Ty0) 10n 2Gm 40m

(met ers)

(a) 0C 46 0 6 7 10

(b) G 23 0 .2 8 18

tc) 0' 69 0 9 9 9

td) 0 -46 0 14 16 18

(e) 0* 0 46 3 9 16

(£) 1 * 0 23 12 16 20

Cg) Q 0 -23 19 29 35
(h) Q 0 -46 33 42

a
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the initial position used in the calculations of the preceding section, (position (a) of

Table 2) does not result in the largest possible maximum horizontal missile speeds.

It is also noted that the initial positiona to which there correspond the largest possible

missile speeds depend upon the value of CDA/m. For example, for CDA/m - 0.01, that initial

position is (b)1 for CDA/nm.O0.001, it is (h) (see Table 23.

As indicated in Note 2 of Table 2. the initial elevation assumed in the calculations

was Z(O) - 40n. If the weight of the missile in smaller than the upward drag induced

by the vertical wind velocity component, then the calculated missile velocities at time t

are independent of z(0). (This is the case because, in the assumed tornado model, the

flow field is invariant with z). However, if the missile weight exceeds the upward drag,

i.e., if the missile moves dounward,--as in the case of column (5) of Table 2-- the

interval between time t - 0 and the time at which the missile hits the ground decreases as

z(O) decreases. Therefore, the maximum missile speed may decrease if lower values of the

initial elevation zfO) are assumed. Table 3 lists speeds calculated using the assumptions

z(0) - 10n and z(0) - 20i, all other values of the various parameters being the same as

for column (5) of Table 2. For comparison the calculated speeds in column (5) of Table 2

were also included in Table 3.

Missile speeds were also calculated corresponding to various initial elevations

0 < z (0) < 10. It is of interest to note that the maximum horizontal speed of a missile

with {'DA/m a 0.001 starting the motion from position 'h) is relatively high even for low

values of the initial elevation z(0). For example, for z(O) - 3m and z(0) - 5m, the maximum

missile speeds are 23 m/a and 27 m/s, respectively.

Calculations were also carried out for the horizontal distances traveled by the

missiles. For example, for C.A/H - 0.001 and the initial position (h), the horizontal

distances corresponding to z(0) - 3m, 5m, 10, 20m, and 40m are, approximately, 20m, 3Dm,

5SO, 90m and 160m, respectively.

5.2 Changes in the Assumed Initial Velocity of the Missile.

The results given in the preceding sections are based on the assumption that the

initial velocity of the missiles is zero. If the missile is injected in the flow, for

example by an explosion, this assumption is no longer valid. However, all other conditions

being equal, a non-zero intial velocity does not necessarily result in a maximum. mlsile

velocity higher than that corresponding to zero Initial velocity. This is illustrated

in TAble 4, in which type 1 tornado (see Table 1), and the conditions vMx(O) f 0,

vMY (0) - 0. v.z (0) - 0 were assumed.

max
.Table 4 - Maximum Horizontal Missile Speeds, vH x (rn/s) Corresponding to Various Initial Velocities

I CDA/m a 0.001 | CDA/m - 0.01

{111 (2) (31 6) (4 5 \ 7) 1 (O 8)~~~
xtO | Yt(0) vM' ) (net er/Slecondt

e ter 0 10 2020

(t) 0 46 0 a 9 20 62 |58 53
(0) 0 1 -23 35 45 35 63 159 59

10
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5.3 Changes in the Assumed Tornado Wind Speed Model.

5.3.1 Tornado Desctibed by Eqs. 5 through 9 with vT N 0.

Table 5 lists maximum horizontal missile speeds for the same parameter valuis and
initial conditions as those used in Table 2, except that the translation velocity of the

tornado vortex is zero, rather than 31 m/s. It is seen by comparing Tables 2 and 5 that

the calculated speeds are, on the average, higher in the case vT . 31 m/s, although for

Some initial positions the reverse is true.

Table 5 - Maximum Horizontal Missile Speeds, v.'
Corresponding to Various Initial Positions (vT H 0)

Initial Position C)A/m

(1) (2) x(O) I y(0) (2) (3)
(meters) 0.001 0.01

(a) O 46 0 30 65
(b) 23 0 7 61

0 69 O 19 60
(d) -46 0 30 65
(e) 0 0 46 30 65
(f) 0 23 8 61
(g) W 0 -23 8 61
(h) 0 -46 30 65

5.3.2 Tornado Vortex Models Based on Data Obtained During the Dallas Tornado of

April 2, 1957 1131.

In this family of models, the velocities in the tornado vortex depend upon the quantities

RD o radius of maximum tangential velocity at elevation 2 - 0, v,, - maximum tangential

velocity and R*(t) - radius beyond which the radial and vertical velocity components

vanish. In addition, the flow depends on three parameters ki, k2, k3, as will be shown

subsequently. The radius of maximum tangential velocity at elevation z Is denoted by

R (z) and is assumed to be

R (z)- R + k z z < 60m (10)

m m Il

RN (Z) RN + 60 kl z > 60M (11)

It is seen that the parameter k1 is a measure of the extent to which the tornado

vortex deviates from a cylindrical shape. If ki 0 the radius of maximu= tangential

veloc;ty is invariant with height, as in the model described by Eqs. 5 through 9. An

assumption coamonly employed in tornado-bornc m'ssile speed investigations Is k. - 0.45

face, for example, Refs. 3 and 12]. It is further assumed 13, 121:

11



R* (t) a CR (z) (12)

where C is a coefficient vhich depends upon V6 . In this work, it was assumed C - 2.35

for v6  - 130 m/s, C - 2.10 for ve 107 m/s and C - 1.80 for ve - 85 n/a. These values
are similar to.those-used in Ref. 3.

Lot r denote the distance to the canter of the tornado vortex. The components
of the velocity In the tornado vortex are assumed to be

0 < z < 6Gm

v R - k2 R* z) - r
R* (z) - Rm (Z)

va 0 O

r < R* (s) (13)

r >f R (a) (14)

f (z) em r<R (z)

e m -Th

r Eam r, M~

) - (R ) r > RA (Z)R* (z) - R i t 3

vz - 0 r > R* (z)

(15)

(16)

(17)

(18)

60 m ' z < 240m

R tRA (s) -R (z) 180

Ve 0 j7 V
Rm (z) am

6r (a)
ve M r vem

r c Rk (2)

r ) R* (s)

r C Pt2 (2)

(19)

(20)

(21)

r > ft (s) (22)

v (1.33 - lB-0) (k3R (a) - R (z) 60 +3 r < P* (s) (23)

va fO r > P.* (s) (24)

12



Table 6 - Maximum Horizontal Missile Speeds vT x, (_/s) Corresponding to Various

Parameter Values

Case- v Ic - I k I I CDA/m I vax
Case v)(mS biks vT8 _-

2

3

4

S

6

7

8

9

10

11

12

13

14

15

85

85

85

85

130

130

130

130

130

130

130

130

130

130

130

22

22

22

22

31

31

31
31

31

3,.

31

31

.45

.45

0

0

.45

.45.

.0

0

.45

.45

.25

0

0

.45

- .45.

1.

1

1

1

1

1

1

1

1

1

1

0

0

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.01

0.01

0.01

0.01

0.01

0.025

0.01

90*

83*

77

79

90*

126*

80*

75*

91*

, 87

73

60

60

60

36

I I

* Calculated speeds are higher at z > 6 0m.
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The most commonly used value of the parameter k2 is unity (see, for example, Ref. 3 and

12). However, it id by no means certain that Eqs. 13 and .9 with k2 1 l are a satisfactory

model of the radial velocity vR. Indeed, according to Ref. 10 (p. 135), vR is negligible

throughout the tornado flow except in the vicinity of r - Rm (z). It is, therefore, of

interest to examine the influence upon the calculated missile speeds of the assumption

VR - 0. This can be done by assuming k2 - 0 in Eqs. 13 and 19.

Similarly, while it is commonly masumed k3 - 1, it is of interest to examine the

case in which the value of the vertical velocity component vZ is smaller than that given

by Eqs. 17 and 23 with k3 - 1. This can be done, for example, by assuming k3 a 0.

Calculations of missile trajectories and speeds based on the assumption that the

tornado vortex is described by Eqs. 13 through 24 were carried out for the 15 cases

listed in Table 6. In all cases of Table 6 it was assumed x(0) - Rm - 46m, y(O) - 0,

z(0) - 0. Table 6 only includes the maximum calculated horizontal missile speeds vmHx

at elevations z c 60 m.

A discussion will now be presented of the results of Table 6. The cases corresponding

to the set of parameters k3 " 0.45, k2 - 1, k3 - 1 which, as previously indicated, are

most commonly assumed in missile speed calculations, will be examined first. It is

noted that the missile speeds for cases 1, 5 and 9 of Table 6 are higher than the corresponding

speeds of Fig. 3, as shown in Table 7. V

Table 7 - Comparison between Calculated Speeds Based on Eqs. 13 through 24
and on Eqs. 5 through 9

Table 6 FIgure 3

ICA case vmax Tnrnado vmax
__ _ _ _ _ _ __ _ _ _ _ m s Type H /

0,025 1 90 3* 57

0.025 5 90 1* 81

0.01 9 91 1* 63

* See Table 1

This can be explained as follows. Assume that vR *>vT - 0 and that the missile starts

from an initial position x(O) - R As the missile gains momentum, it tends to fly in a

straight line along the-direction of the tangential velocity, i.e., at larger distances

from the center of the vortex. In the case of a tornado with a radius of maximum tangential

speed that is constant with height, as the missile moves away from the intial position, it

will be subjected to winds of lower intensity and its speed will increase more slowly.

On the other hand, if the radius of maximum tangential speed increases with height, and if

the elevation of the missile Increases under the action of vertical wind speed components

larger than the missile weight, then as the missile moves away from the center and up it

continues to fly in zones of maximum winds and thus continues to gain momentum at a fast
14



rate. This mechanism is modified only slightly in most, although not in all cases, if

non-zero radial and translation velocities are present. The explanation just advanced

is confirmed by comparing cases 4 to 1, 8 to 5, and 12 to 9. In cases 4, 8 and 12, k 1

0, i.e., the radius of maximum tangential velocity is constant, and the missile speeds

are lower than in cases 1, S. 9, in which that radius increases with height. A similar

conclusion in reached by comparing cases 3 to 2, 7 to 6, 11 and 13 to 10.

The parameter k3, which controls the magnitude of the vertical wind velocity component,

does not appear to affect the missile speeds in a uniform fashion, i.e., to the value k 3

* 0 there correspond In certain cases lower values of the missile speed than to the

value k3 * 1 (e.g., case 2 vs. case 1); in other cases, the reverse is true (e.g., case

6 vs. case 5).

Some meteorologists have expressed the view that the radial -velocity component vR

is smaller over most of the tornado field than that described by either Eq. 7 or Eqs. 13
and 19 with k2 - 1110]. It is therefore of interest to examine the case Vi - 0. It In

seen, by comparing in Table 6 cases 14 and 15 with cases 5 and 9, respectively, that the

assumption k 2 w 0 results in considerably lower missile speeds then the assumption k 2
1. This is the case because, if k2 - 0, (i.e., if vR " 0), the missile is ejected

(i.e., it flies at larger distances from the center of the vortex and therefore, in a

region of lower speeds) sooner than if k2 - 1, (i.e., than if a radial velocity is

present that resists the tendency of the missile to fly away from the center). This

reasoning is valid for the assumed initial condition x(O) - R , y(O)w 0. It is conceivable

however, that initial conditions exist which might result in higher missile speeds for

k2 ' 0 than for k2 - l.

6. AERODYNAMIC FORCES

In this work it was assumed that the aerodynamic force acting upon a missile is

D - 1/2 p C A I V - v I -V - ). (24)
D V win velciy

where p - air density, V - wind velocity, v - missile velocity and CDA is a suitably

chosen quantity with the dimensions of an area. As indicated in Section 2, Eq. 2 may be

assumed to be valid under random tumbling conditions, i.e., if the notion is such that

the body "presents all possible aspects to the flow,. . . the orientation of the surface

elements with respect to the flow sweeps through all the possible angles" (Ref. 14) and,

moreover, the angular speed of the tumbling body is sufficiently large. In this connection

it may be argued that, instantaneously, lift forces do exist, and that the momentu= they

impart to the missile may not be negligible if the rotational motion of the missile is

relatively slow. The acceleration of the missile would.then no longer be parallel, at

every instant, to the vector v .- and the missile trajectory would deviate from that

predicted by using the aerodynamic model implicit in Eq. 2. It is believed, however,

that the effect of such deviations on the maximum speed of the tornado-borne missile is
15



comparable to the effect of changes In the initial conditions of the problem such at were

studied in Section 5. For the purposes of this report, the existence of lift forces which

are not taken into account in the calculations is believed not to invalidate the aerodynamic

model used herein.

The value CDA that corresponds to tumbling conditions can, in principle, be determined
experimentally. Unfortunately, little information on this topic appears to be presently

available. Ref. 14 examines tumbling motions for supersonic wind conditions, while Ref.

15 contains information on tumbling under flow conditions corresponding to Mach numbers

0.5 to 3.5. Hoerner extrapolated the data of Ref. 15 to lower subsonic speeds (Ref. 16,

p. 14-16, Fig. 7); according to this extrapolation, for a randomly tumbling cube the

quantity CDA equals, approximately, the average of the products of the projected areas

corresponding to "all positions statistically possible" by the respective static drag

coefficients (Ref. 16, p. 14-16 and P. 13-17). An investigation into this question is

currently carried out, within the framework of this project, by Colorado State University

(CSU). The theoretical and experimental results of this investigation will be reported

in a separate document by CSU.

in the absence of more experimental information, it appears reasonable to assume

that the effective product CDA is given by the expression

CDA -c (CD Al + CD A2 + CD A3) (25)
1 2 3

in which % Al (i - 1, 2, 3) are products of the projected areas corresponding to the

cases in which the principal axes of the body arc parallel to the vector v - vM, by

the respective static drag coefficients. In Eq. 25, c is a coefficient assumed to be

0.50 for planks, rods, pipe and poles and 0.33 for the automobile.

An upper bound for the quantity CDA is believed to be

(COA) u.b. * CD A1 (26)
1

in which CD A is the largest of the quantities CD Ai (i - 1, 2, 3).

The Reynolds number Is defined as

Re - Vd
V

where V - fluid velocity relative to the body, d - characteristic dimension of the body

(in the case of a cylinder, d - diameter) and v w kinematic viscosity (v a 1.S X 10 5

m/s for air). For a circular cylinder Re t .67 x 105 Vd, where V and d are expressed in

m/s and a, respectively. For Re > 4 x 105, i.e., the Reynolds number is in the supercritical

range and it may therefore be assumed, conservatively, CD e 0.7 (see Ref. 8, p. 67). In

the case of the 1 inch (2.54 cm) rod, it may ba assumed that Re is in the subcritical

range even for velocities V of the order of 100 m/s and, therefore, that C D 1.2 (Ref. 8).
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7. SPEEDS OF SELECTED POTENTIAL TORNADO-BORNE HISSILES

In this section calculated speeds of selected potential tornado-borne missiles will

be given, based on the following assumptione:

(1) The model of the tornado vortex consisting of Eqs. 5 through 9 is valid, with

the parameter values corresponding to cases 1, 2 and 3 of Table 1.

(2) The initial conditions are x(O) - R , y(O) - 0, zCO) - 40: (for comments on

the initial condition z(O) w 40m, see p- 10 of this report); v,,(O) - vly(O) " vMZ(O)

0 O. Assumptions (1) and (2) just described vere used in calculating the values on

curves 1, 2 and 3 of Fig. 3.

(3) The effective product CDA is given by Eq. 25.

The results of the calculations based on these assumptions are shown in Table 8.
The missile speeds of Table 8 are based on a set of assumptions which, while reasonable,

might in certain cases not correctly reflect the actual physical phenomenon. It follows

from Sections 5 and 6 that the order of magnitude of uncertainties in the estimates

of maximum missile speeds can in certain cases be as high as 50% or even more. Whether

or not actual missile speeds will be higher than those listed in Table 8 depr-nds in

large measure on the extent to which the tornado flow model consisting of Eqs. 5 through

9 (the so-called Rankine vortex) Is realistic. In particular, If, as suggested in Ref.

10, the radial and vertical velocity components in a tornado are actually lower than

those given by this model, it could be expected--all other conditions being equal--

that the predictions of Table 8 are conservative. If, on the other hand, the actual

tornado flow is more closely represented by Eqs. 13 through 24 with certain unfavorable

values of the parameters included in these equations, then higher missile speeds than

those of Table 8 may occur, as shown in Tables 6 and 7.

The speeds of Table 8 may also be exceeded if unfavorable initial conditions obtain.

The uncertainties pertaining to the tornado flow modeling are due to the lack of reliable

information; on the other hand, those pertaining to the initial conditions are a consequence

of the probabilistic nature of the problem. Probabilities of occurrence may be assigned

to each set of initial conditions. The probability that (a) the wind speed will reach

the intensity levels of Table l, (b) that a missile starts from a highly unfavorable

set of initial conditions and (c) that it will hit a certain installation with a speed V max
"H

can be.expected to be negligibly low. Such probabilities can in principle be evaluated

using, for example, procedures similar to those outlined in Ref. 18. Attempts to calculate

such probabilities are beyond the score of this work.
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Table 6- Characteristics and ftxjtim Hlorizontal Speeds of Selected Misuiles

.k~s _ c/. Tond ton

Dimensions Weight (lbIft) Mags (gj C) C C C A/V (ft /lb) CDA/w Cu 2kg TOrto rorna o TornadoCD1  D2 D3  D DTypel P2 Type 3

I wooden Flank 3 5/8" x 11 31d" x 8.2 to 11 12.2 to 16.3 2.0 2.0 2.0 0.132 0.0270 272fps 230fps l90fpo12,
(0.092. x 0.289s x (83 ofs) 70 m/a) 55 rn/V)3.66) (say. 9.6) (say 14.3)

2 6" Sch. 40 6.625" (dial) x 18.97 28.18 n.7 2.0 0.nz12 0.0043 171tps 138fps 3 3 fpsPipe 15' (length)
(0.168m x 4.58) i 52 WIN) 42 rnIs) (10 MMs)

3 Automobile 16.4' x 6.6' r 4,000 lb 1.810 kg 2.0 2.0 2.0 n.0343 0.0070 193fog 170fps 134fps
4.3' (total veight) (total mas)

(5n x 2 x 1.30) 
t59 als) 52 Is) (41 i/s)

4 is Solid Steel 1" (dfx) x 3' 0.0190 0.0040 161fps 131fps 326fpsRod (length) 2.67 4.0 1.2 2.0 1.2 .(0.0254- it 0.915m) 
(51. a) (40 n/a) ( MI/5)

5 13.5" Utility 13.5" (dix.) x 27.5 to 36.5 40.8 to 54.2 0.7 2.0 0.7 0.0254 0.0052 loSops 157fps 85fpsPole 35S (length) (way. 32) (may, 47.5)
(0.343 cm x 

.10.68-) (55 u/9) (48 u/3) (26 m/s)
6 12" Sch 40 12.75" (dim) x 49.56 . 7'.6 0.7 2.0 0.7 0.016 0.00330 154 fps 92fps 23fpsPipe 15' (length)

(0.32a x 4.58I) 
(47 v/s (25 =/si (7 m/s)

co

IVtorn - 161 .1, (36n mph) - see Table 1.

b ' 134 rn/s (300 mph) - see Table 1.

torn
C tern ef101 7 (240 mph) - see Table 1.

d See Ref. .17.



The uncertainties regarding the actual aerodynamic drag coefficients constitute

another source of error. It in noted that the curves in Fig. 3 are S-shaped. Large

errors in the assumed value of the quantity CDA masy therefore in certain cases result in

considerable changes of the estimated value of V Max For example, if, for a 12 in Sch.

40 pipe (entry 6 in Table 8) it was assumed C DA/m 0.0066 kg/rWM instead of CDA/m - 0.0033
k i/m2 it follows from Fig. 3 that vrnax 40 m/e, rather than Vmax - 7 m/s, as in Table
8. It is interesting to note, an the other hand, that as long as a change in the assumed
value of CA/m, does not displace the point from the upper or from the lower branch of an
S-ahaped curve, the sensitivity of Vmax to even considerable changes in the value of CDOm

is fairly small. For example, if for the 6 in Sch. 40 pipe (entry 2 in Table 8) it is assumed

that C A/m - 0.0086, then, for a tornado type 1, V~aX - 61 mis (see Fig. 3), whereas to

the assumption C0A/r - 0.0043 there corresponds VDH 52 mis, i.e., to an error of 100% in
ay.the value of CDA/n there corresponds an error of only 17X in the estimated value of VH

Finally, it must be noted that the actual missiles may have properties that are

more unfavorable than those listed in Table 8; for example, the case is mentioned in
Ref. 19 of a beam attached, during its flight, to a portion of a carport roof which

considerably increased the surface area of the missile and, therefore, the parameter

CD A/M.

8. CONCLUSIONS

In the preceding section calculated maximum speeds of tornado-borne missiles are

given in Table 8, based on a set of assumptions believed to be reasonable. However, in

assessing these speeds, it must be recognized .thatt

1. The problem of determining tornado-borne missile speeds has a probabilistic
character. As shorwn in the body of the report, unfavorable initial conditions may

obtain--to which there correspond relatively low probabilities of occurrence--for

which the maximum missile speeds would be higher than in Table 8. The estimation of

such probabilities is beyond the scope of the investigation covered by this report.

2. Estimates of tornado-borne missile speeds are also affected by significant

uncertainties with regard to: (a) the detailed structure of the tornado flow and
(b) to the aeordynamic behavior of the missile. Under certain assumptions regarding

one or both of these factors, calculated missile speeds can be higher than those

of Table B. However, it is believed that the assumption used to derive the values

of Table 8 are conservative. In particular, it is believed that the actual vertical

wind speeds are lower than indicated by Eq. 9, so that the relatively heavy missiles

would tend to hit the ground sooner than calculated on the basis of this equation,

with a consequent reduction In the calculated maximum missile speed.

In spite of the many uncertainties involved, the writers believe that the assumptions
used to estimate the speeds of Table 8 are sufficiently conservative for purposes of

nuclear power plant design. It is the writers' judgement that, although higher values of

tornado-borne missile speeds are conceivable, their probabilities of occurrence, for any
given tornado strike, are low.
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APPENDIX A - EQUATIONS OF MOTION

Al l Absolute and Translating rTames of Reference

Consider the absolute frame of reference 01 xyz (Fig. Al.l) and a frame 02 x' y 'z

such that 02Z 1s parallel to-O1 . It is assumed that the frame 02 x'y'z translates with

respect to 01 xyz with a constant velocity, the cozponents of which (in the °1 xyz frame)

are (vTx 0Ty 0). The angle between 02x' and Oix being denoted by S *

C 2

ec 21/ (Al .1)
(V Tx +v VT

vTY

sin S. - 21 (Al.2)aln ec (2 + V2 1172 l2
VTZ Ty

A1.2 Vectors of Position

Using the notations of Fig. A1.l, the vectors of position of the particle P in the

absolute and in the translating frame of reference may be written as follows:

Absolute frame (with origin °1)

R x T + y J + zk r coi + r sin j + s (Al.3)

where i, J. k are unit vectors along the axes Ox, Oiy, °lz respectively.

TranulatinR frame (with origin 02)

R x i' + y' J' + a a r' cos e' i' + r' sili e' ' + z k (Al.4)

vhere ,j', k are unit vectors along the axes 02x 02yI 02z, respectively

A1.3 Transformations of Unit Vectors

The unit vectors r* 0, ,k of the revolving frame of reference (see Fig. AI.l)
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be written in terms of the unit vectors of the translating frame 02x'y'z and the angle

between the lines 03P and 03x", where 03x" is parallel to 02x', an follows:

r oeCs e' V + min e' T'

e a -sin 6a j' + c0o 0e j' (K1.5)

The unit vectors B,

terms of the unit vectors

follows:

3', k, of the translating frame 02 x'y'Z may be written in

of the aboolute frvae of reference and of the antle e Cii

I± v CosB I: + sin e3i
c c

' a -sin 0 ? + Cos a i (Al.6)

Al.4 Erpression of Wind Velocity In an Absolute Frame of Reference

Let the vortex wind vslocity with respect to the translating fraze of reference be

denoted vUI and let its components along the vectors r; e and k be denoted by vcr vw

and v. respectively, i.e.,

r v r + vw 8 + v kk (Ai .7A)

with respect to the absolute frame of reference, V may be written as

V av V + vWY j +v k (Al.7b)

The components vWX, vWY acnd v 2m are obtained by substituting Eqs. A1.5 and A1.6 into

Eq. A1.7a, I.e., in matrix form,
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rvxl cox 8 - gina C

vwy _ sin ac Cos nc

H 0  0vWz

The total wind velocity;

translating velocity of 1

0 coa

I 0

v. conaists

the vortex,

-3in a' 0

cog e' 0I

v

e' (A1.8)

0 1 j L VkJ

the vortex wind velocity and theof the Sua of

i.e.I

where

vv a vx i + vy J + v, -kv w WY ,ik

v M v + vT

V ^ V + V

rWY Wy Ty

uzwz

(A1.9)

(Al . 10)

and vWX, vWY ,vV. are given by

"Tx' VTyP Vr Vwas vwk and ec

is obtained from the relatiome

TICOB 6 , -
r I

Eqs. AI.8. In Eqs. A1.10 and Al., the quantities

are specified. The quantity e' is a funntion of time and

sin 6' -
r'I

r' v (xT2 + Y,2)1/21

(AL.11)
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in which x' and y' are deternined a8 explained iz the following.

Let the initial conditions of the problem be

to E initial time

(xI# yO N ) * coordinates of particle at time t nx the absolute frame
0* 

0*

(v vp. V ) E velocity components of particle at tim* to in the
.Pxo Po P:toa

absolute frame

@O2O, y0 2 0 0) B poaition of 0,) (origin of tha translating frame) at timet in the abB6iuce frame.

At time t, the position vector of the origin 02 is

F°2 -t jX 20 + v~x (t - to) T+ +t v (t v 
(to.12)

so that for any time c > to we have

' R-O2 
(A1.13)'

whore R x + y j + z, I.e.,

r 
+ V rc- .)

x

a

Y_ _

X02o .. VC ( to

YO2o + VTy (t - to) ,

0 J

(Al. 14)

S Ince

XR o T +

it follows, ualit8

YRt

the

J ~ ~~ T 1 + yt ,lc+ oJ RN k W' V + ,' + Z' r

inverce of the-'tr~ibsformatlon AJ.6,

(Al.15)

(Al.16)

1 [ cog s ain G aC ° ,1

yt J sln c coa :c ° jR' j
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uhere xRI, yR,. :L1, are glvvn by Eq. Al.14. Ths quantities x' y's :', in Eq. A1.11, and

thus the quentity 8c ln Eqs A.10, M,8 ar tqxressed i± terms of th& coordinates of point

a with respect to the absolute frame, azA of the quantities xO , yO2 0 vx, v~ . t0 and t.

The problem of exprescing ths componpats in the absolute frsae of the wind velocity at point

P (x, y, a) In terms of the vortex vind velocicy couponntos V-, b VW of the translation

velocity ccpone~ts vT., vTy, of the initial conditions and of the coordinates x, y, s of

the point I is thus solved.

Al.5 E4quations of Hotion

The equations of motion may be vritten as

P J * 112p CDAIvpll IRll (A1.17)

where m * mass of particle, p * str density, CD * drag coefficient, A area of the particle)

VRe1 - X) T + (v - Y) 3 + (V. -S), and 8 - acceleration of gravity.

APPENDIX E - ANALYTIC SOLUTION TO THIE E4UATICG"S OF HOTION FOR A UtNIFORH VIND FIELD.

Ic the case of a uniform wind field an aoalyti solution of the equations of motion

of a particle may be obtained as s1owu herein. This solution vaq used to test the computer

programin which the wind field subroutine was suitably modified. The folloving assua ptiona

were used:

1) The Initial velocity of tho particle la rero

2) The notion occurs In the x - s plane only

3) The vind velocity vector to at all points parallel to the horisontal axis °x and

has the constant magnitude vy.
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The equacion of motion in the horizontal direction is

d2dx 2 (2
1X ' a (v ~ dX2(A2. 1)
d t

whets
u C 1/2 ; C0 A, or

J ( dx
( V - fi n dt + C* (&2.2)

b (v d 2 dx

With the change of variables u - d v du d E Eq A22 becoaes

I Au a t + C1  (A2.3)

1

u

dx a t + C1  (A2.4)
dt v

dx I AS

Integrating Eq. A2.5, there follows

x a v t - t + C2  (A2.6)

With the change of variables a t + C1 - u, a dt - Eq. A2.6 becomes

x - Vwt I |du + C2  (A2.7)

x - v t - ln at +-C) + C2  (k2.8)

The constants of integration are determined as follows:

At t io -xmx 0 and dd . o, i.e.,
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to .- A In C, + Co a 2 -

V C1i

(froz Eq. A2.8)

(from Eq. A2.5)

2.4 9)

(A2.10)

Thus

C . L
1 vwa ; (42. 11)

and

C2 - 4 .1 nV

X 0 X + Y t - l In (a v t + 1)a w a ,

(A2.12)

(A2.13)
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APPEZNIX C

DOCUMENTATION,

AND

SAMPLE INPUT AMD OUTPUT

OF COMPUTER PROGRAM
I.,'

L.

I .
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TORNACO.M IIl~ls 1 N ,A INEX ( I
I C
2 C
3 C
4 C
S5 C
el C
7 C A PCR

C UNC)Ir
9 C

10 C
11 C
12 C
13 C
I 4 C ----------

NATIONAL BURF-AU OF STANDAPDA
APPLIEO UATHF.MFATICS DIVISION

TRAN APPLICATIONs PrOGRAM TO STUCY THF 34IT IDP OF AN oCrJFCr
THE. IHFLUENCr Of A TnPNAOO W1iHDr FII%.9D.

MAWrTIN COROES

APRIL 1976

.______.____________________________,_____ -_______________

15
16
t 7
I A
I Q
2n
21
22
23
25

2h
27
2A
29
30
1I
3 2
3
:14
3Ws
36
J37
38
39
40
a 1

42
3

44
£5
4e
4.,

so

52

53
54

56
5.,

C
C
C
C
C
C
C
C
C
C
C
c.
C
C
C
C
c
C
C
e.
C
C
C
C
C-
C
C
C
C.
C
C
C
C
C
C
C
C
C
C
C

PURPO SF4

THIS FORTnAN PAOGMAR4 INTEGRATES 1N TIMF THF FOLLOWING E0UATtONS OF
14CTION FOR A RICItO tO~OY ACTED nN BY A ORAG FORCE IN A
GRAV rTAT lQNAL FIELD*

D*921PXJ / T07*? = ALPHA a VR9

D *2IPY) / DT*02 C ALPHA * VRY

D*02(PZ) / DT.'2 u ALPHA * VRZ - G

AND

ALPHA - CD 9 A P RHO * VR / 2

D**2(X) I fT*2

PX
Py

PZ

VA X
VRY.
VRZ

IS THE SECOND DEPIVATIVE OF X WITH RESPECT
TO TIME.

AnE THE X. Y* Z COORDINATLS Oi TWE
PARTICLE AS A F.JNCrt0N OF TtXF IN THE
ADSDLUTE FRARf.

ARE THE X, Ye . CUNFCNLNTS OF THE RELATIVE
VELOCITY OF THE WINDO ITH RESPECT TO A
STATIONARY PARTICLE IN THE ABSOLUTE FRAME.

15 TsrE MAGNITUDE OF GRAVITY.

IS THE DRAG COEFFVICIENT&.

IS tHE AREA ASSOCIATED WITH THE eODY.

IS THE DENSITY OF AIA.

IS SORT(VRX ** 2 + VArY * 2 * VRZ #* 2)

C

CD

A

FtHO

YR

C THIS SYSTFbM CF THREE, SECOND ORDER EQUATIONS IS CONVERTED TO A
C SYSTEM OF SIX, FIRST ORDER EQUATIONS 9Y A STANDARD TECHNIQUE.
C THE CQUIVALENT FIRST ORDER SYSTF.H IS INTEGPATED 4Y THE DOC
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Se c SOLVER.

!S C
60 C THE COPUONfNTS OF THE PARTICLE VELOCITY AND THF. WIND VELOCITY APE

61 C WITH RESPrCT TO AN A1S0LUTF. FRAME$ TFF WIND VELOCITY IN THE
02 C ABSOLUTE FRAVF IS THE SUM OF THE .wINn VEL.OCITY FROM A STAT IONARY
63 C TORNADO VORTEX AND THE TRANSLATION VELOCITY Of THE. TORNADC VOTTF.X.
64% C

5 , C IkITIAL CONDItlcmS.
66 C
67 C AT TIME a TO TPF X. Y. Z COOPDINATES AND VELfJC1TY COMPONENTS
6A C OF THE PARTICLE ARE SPECZFIED. IN ADDITICNo THE X. Y
k9 C COORDINATES OF THE ORIGIN OF THE TI4ANSLATING FRAME WHICH THE

70 C TORNADO IS STATIONAnY IN ARE SPECIFIED.

71 C
72 C CONDITIONS INDFPENDENT OF TIME.

74 C *
74 C THE X. Y VELOCITY COMPONENTS OF THE TnANSLATING FRAME ARE

75 C CONSTANT.
76 C
77 C FOR FURTHLR DETAILS CONSULT REFERENCE 2).
7f C
79 C APPLICAtLITY ANC RESTRICT IONS.
a0 C
el C THIS PROGRAM IS INTENOED FOR WORK THAT REQUIRES MODERATE ACCURACY
P2 C AND MODERATE TIME PERIODS OF INTEGRATION.
e3 C
84 C TI'E CURRENT VERSION PRODUCES PLOTS OF AT MOST 101 DATA POINTS. THE

e5 C DATA IS FRnM THE TAI3ULAR RESULTS GENERATED AT THE FIRST 101 PRINT
86 C STEPS. TO PREVENT A TRUNCATFD PLOT FROR SEIt G GENERATED AE SURE
87 C THAT TIMEIT AND FXTMIT SATISFY TIMEIT .LT, 1OO * FXTMIT. HLRE

8e C TIMEIT IS THE TIKE INTERVAL OF INTEGRATION AND FXTMIT IS TF-E TIME
89 C INTFRVAL BETWEEN SUCCESSIVE PRINT STEPS,
90 C
91 C PROGRAM STRUCTURE.
92 C
93 C SUnPROGPAM DIREC70PY-

95 C COMMENT ADDITIONAL SUBPROGRAMS OTHER THAN FORTRnAN INSTFINSIC
96 C FUNCTIONS AND FORTRAN RAS.IC EXTERNAL FUNCTIONS
97 C NECESSARY FOR THE EXECUTION OF THIS MAIN PROGRAM ARE
98 C LISTED BELOW IN ALPHA9ETICAL ORDER. EACH IS
99 C ACCOMPANIED BY A SHORT FUNCTIONAL DESCRTPrlON,

100 C
101 c DFUN THIS SUBROUTINE COPUTES THE RIGHT HAND SIDE OF THE
102 C FIRST ORDER ODE SYSTEM. DY IS THE LOCAL NAME OF DFUN
103 C IN VOAOAM.
104 C
105 C DRAG (USER SUPPLItEna THIS SUBROUTINE COMPUTES THE DRAG
106 C COEFFICIENT.
107 C
108 C INPUT THIS SUBROUTINE READ.S IN OR CONTROLS THE READING IN OF
tO9 C ALL RELEVANT DATA AND PARAMETERS EXCEPT THE PARAMETERS
110 C REQUIRED By THE ODE SOLVER AND WHICH AFFECT OUTPUT9
I11 C
112 C CD'TPUT THIS SUBROUTINE READS IN PARAMETERS THAT CONTROL WHICH
113 C PLOTS ARE TO Et PRODUCED AND SUPERVISES THE PRODUCTION
114 c AF ALL OUTPUT.
Its C
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I Ik C PLOT THIS SU8ROUTINE PRODUCES A 01NE PAGE PPINTEP PLOT.

117 C
1 11 C IC'IWDF , (USLR SUPPLIED.I ThiS sUB5nu1JINF COMPUTES THE 4ArlIAL.
S19 IC ANGULAR. AND 2 COMPCIhCNTS (IF THE wIND AT THE PART ICLE
120 C AS MEASUf.D IN THE TRANSLATINS FR144M.
121 C
122 C *RIGFS THIS SLORUUTINn. COYPUTFS THE COSINE AND SINF O- TI-E
123 C nASE ANGLFl OF A RIGHT TRIANGtfr IrTH RASE ANO vERTICAL
12a C SIDE GIVEN,
125 C
126 C VCADAM TI tS SURnUnT INE IS TPE 00C- SOLVER LACH CALL OCES ONE
127 C INTEGRATION STEP.

1 2 q C
129 C EXECLIJON TREE.
320 C
131 C CCOMENT THE EXECUTION TREF IS A STRUCTURE THAT DF.SCAIRES THE
132 C SUBPRDGRAM INTEPACTION DUPING EXECUTION. THE TREE IS
133 C COMPOSED OF A NUMBER OF LEVELS. FACH LEVEL IS CCMPOSCn
134 C OF ONE OR MOPE SLOCKS. A BLOCK IS CrMPOSED OF A
135 C CONTIGUOUS SET OF TREE ELEMENTS. EACH TnFF ELEMENT
1 36 C HAS THE FP0M
137 C NtJ1MRINARE *. UM3pl
13A C WPERE
13Q C
I0 C NHums IS THE NUMBER (W THE ELEMENT IN THE
a41 C CURRENT LEVEL.

142 C
143 C HAME IS THE NAME OF THF. SLPROGRAM ASStICIATFO
144 C WITH THAT ELEMENT.
e145 C
t46 C NUM22 IS THE NUMNER OF-THF FIRST ELEMENT OF
147 C THE BLOCK AT THE NEXT GREATER LfVEL WHICH
14a C CONTAINS ALL SURPROGRAMS CALLFV BY
149 C SUIIPROGRAM NLME, IF NUMEI2 IS ZERO THFN
150 C SUBPROGRAM NAME CALLS NO SURPROGRAMS.
151 C
152 C LEVEL 0 LEVEL 3 LEVEL 2 LEVEL 3
153 c
154 C I(RAIN . II ICINPUT . I) ICTnRwDF. 03 ItTORWDF. 0)
t5s C 2[VOADAM% 4) 2(DRAG , 01 2(DRAG . 01

15w' C 31OUTPUT. 5) 31TRIGFS* 0) 3(TPIGFS. 0)
157 C
158 C &COFUN , I)
I q C
160 C 5STORWDF9 0)
161 C 6(CRAG * 0)
162 C 7(tRIGFS. 0)
163 C 8CPLOT * 01
164 C
165 C PROGRAM IL.w

e *s . C
167 C INPUT.
166 C
169 C ROUTINE. LOGICAL UNKT(S). EXECUTION rpEr ELEMENT.
170 C
171 C MAIN 5 LrVEL 0. ELFMENT I
17?. C
173 C INPUT e LEVEL 1i F.LEMFNT I
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174

I'S
1 76
177
178

I3 0
I a I
IA2

A51183

SI A

1Rl7
1L6R
I 80%

I R 5.
190
1 q I
192
193
1S4
195
196
1 97

198

199
200
20 1
202
203
204
205
206
207
208
209

2 1 2
2 11

21 5
21 6

2 17
219

220
221
222
223
224
225
226
22 7
22P
229
230
231

OUTPUT

TORWOF

DRHA

ourPuT.

ROUT I NE a Li

HA :N

OUTPUT

TCPWDF

DRAG

PL CT

PROGRAM USAGE (l INPUT) .

DATA GROUPINGS.

GROUP 1

5

S

5

LFVFL I,

LEVLL 2.

LF.VEL 29

ELENF.NT I

FLEM NT

ELEMENT

2

2

3G ICAL UNITtS ).

6

CXECUT ION

LEVEL Os

LEVEL t.

LEVEL 2.

TRCU ELEMENT.

FLEfENT I

RLEME Nt 3

6

6 LEVEL

LE'VFL

2.

2.9

ELEMENT

ELEME. NT

ELEMENT

5

6

86

SUAGROUP 1l1. TORNADLI WIND FIELD PARAMETER CARDlS).

CARD. VARIABLE LIST. FORPAT.

SEE SUDPOUTINE TORWDF FCR THE FXACT SLT OF PARAMETERS
TO REAn IN AND THEIR FEIRMATo

SUBGROUP 1.2. DRAG COEFFICIENT PAPAMETER CARD(S).

SEE SUBROUTINE DRAG FOR THE EXACT SET OF PARAMETERS TO
REAC It AND THEIR FORMAT.

GROUP 2.

SUBGROUP 2.1&

CARD.

I A

VAR ArfAL.E DEFt

AREA A!
MAS S

PARTICLE PARAYETFR CARD.

VARIABLE LIST.

REAE MASS

NITION TABiLF (GfOUP 2).

RE THE AREA# MASS LW THE PARTICLE.

FORM AT .

2C 12.0

FORMATo

GROUP 3.

SUBGROUP 3.1. INITIAL CONDITION CARnS.

CARD. VARIABLE LIST.
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. I . n
2 3 C I XPUS TYUP 4HUP VXPUO VYrt) Vu, 4r eV

23 3 C
234 C 2 XOTF, YOtF* VXlF, VYTF* TO SF1290

735 C

236 C SUBGROUP 3.2* FINAL CONDITION CARD.

237 C
23M C 3 TIMFIT C32.0

23q C
240 C SUPCiROUP 3.1. OUE SULVFR PARAMETER CARD.

2A1 C
242 C A His FXTMIT* FP'I 3EI2s0
2'3 C
244 C SUCGROUP 3.4. PLOT AND VALIDATION PQAMETCR CAR'O.

245 C
246 C 5 WTPTZYt WTPTYX WTPrtx, WTPTXT. 712

247 C WTPTSX, WTPTHTv WTVALD

24S c
249 C VAPIAt3LE DEFINITICh TABLE (GRCUP 3)*

250 C
251 C XPO ARE TIE INrTIAL Xe Y. Z CCORD1NATES OF THF

2!2 C YPO PARTICLE.
253 C ZPO
254 C
255 C VXPO APF THE INITIAL x,.Y. 2 VELOCITY COMPONPF.TS OF

256 C VYPO THE PARTICLE.
257 C VZPO
258 C
259 C XOTF ARE T)'E INITIAL Xi Y COOPOINATES OF THE ORIGIN

260 C YOTF OF THE TRANSLATING FRAME wHCH THE TnPNADO IS

261 C STATICNARY IN.

262 C
263 C VXTF ARE TFE CONSTANT Xs Y VELOCITY C:OMPONENTS OF THF

264 C VYTF TRANSLATING FRAME.

265 C
26e C TO IS TFE INITIAL TIME.

26' C
2h8 C TIMEIT IS THE INTERVAL OF INTEGRATION

269 C
270 C HI IS THE INITIAL TIME STEP, A GOOD VALUE TO USE
271 C IS I*OE-4

272 C
273 C FXTMIT CONSTQAtNS THE ODE SOLVER TO PRODUCE RESULTS FOR

274 C PRINTING AT EOUALLY SPACED TIME INTERVALS OF

275 C IHIS SIZE.

27f C
277 C EPSI IS THE LnCAL EgRCJrh TOLERANCE USFD BY THE oDr

27A C SOLVFR. A GonD VALUf TO USE IS I1OF.-4*

279 C

280 C THE NEXT 6 VARIAOLES ARE FLAGS FOR PRODUCING PLOTS. IF

281 C A FLAG 15 SET TO I THE C.ORRESPCNOING PLOT IS PRODUCED.
282 C OTHERWISE, THE PLOT 15 NOT PPODUCED.

283 C
284 C WTPTZY S5 THE FLAG FOR A PLOn cF Z VERSES Y.

2A5 C
286 C %TPTYX IS TF-E FLAG FOR A PLOT OF Y VERSES X.

287 C
2pB C WTPTZX IS THC FLAG FOR A PLOT OF 2 VERSES Xs

289 C
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290 C WTPTxT IS ThE FLAG FOR A PLtT OF X VERSRS TIME.
91 C

_92 C WTPISX IS THE F'LAG FnR A PLOT OF SPECE VERSES X.
293 C
294 C WTPTHT IS THE FLAG FUR A FLCT OF HCR1ZONTAL SPFEn
295 C VFRSS1 TIME.
29d C
297 C WTVALD IS A FLAG WHICH IF SFT Tn I CAUSES VALIDATICH
298 C INFORMATION To BE URPNTEO IN ADOITION TO THE
299 C LL'UAL OUTPUT AT FACH PRINT STEP. OTHERWISE.
300 C NO EXTRA OUTPUT IS GNERATED.
301 C
202 C DECK STRUCTURE'
303 C
304 C COMMENT WHAT ECLLOWS FACff INDEX NUMUER BELOW MUST START A NEW
305 C CARO.

'0E C
30' C INDEX CARDS. FaRPAT.
308 C
30Q C I GROUP t. SEE ABOVE*
310 C
311 C 2 GRCUP 2. SEE AU3UVE-
312 C
313 C 3 GeOUP 3. SEE AHOVR.
3)4 C
31 C A SENTINEL* 12

3116 C
317 C STLOOP (FIRST USE).
318 C
'19 C STLOUP IS AN INTEGER VARIAHLE SET TO A
320 C SENTINEL VALUE. IF STLOOP IS I THEN THE
321 C CAROS THAT FULLUw APE URtAINED EY
222 C RFCURS1VFLY STARTING AT tNDEX 3.
323 C OTHERWISE, THE NEXT SFNTINEL CARD IS
224 C READ.
'25 C
'2f C S SENT INEL. 12
'27 C
328 C STLOOP (SECONC USE).
229 C
330 C STLOOP IS AN INTEGER VARIABLE SET TO A
'31 C SENTINEL VALUE. IF STLOOP IS I THEN THE
332 C CARDS THAT FOLLOU ARE ORTAINF.C BY
'13 C RECURSIVFLY STARTING AT INDEX 2.
334 C OTHERWISE. THE NEXT SENT INFL CARD IS
335 C READ.
336 C
337 C e SENTINELe 1t2
338 C
33Q C StLCOP (THIRD USE).
34.0 C
3*1 C STLOOP IS AN INTEGER VARIABLE SET TO A
'42 C SENTINFI VALUE, IF STLOUP IS I THEN THE
343 C CARDS THAT FOLLOW ARE OBTAINED BY
344 c RFCUSRIVELY STARTING AT INDEX 1.
245 C OTHERWISE, THE RUN IS COMPLETED.
3A6 C
347 C EXAMPLE&
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34A

345r

350
2 I

352
353

NSs

35-
3 5

360

3t 2
363

3!64

366
36?
368
369
370
371
272
37 3
374
375
376
377
37f
379
380
3el
3R2

38I
385
386
387
3PA
3e8S
'90
391
292
'93
39A
395
396
397

s e
399
400
A0l
40?.

402
404
405

GROUP I CARDNS
GROUP 2 CARD.
GROUP 3 CARDS.

I
GROUP 3 CARDS.

I
GROUP 2 CAPD.
GpnvP 3 CARDOS
0
0

GROUP I CARD(S

GROUP 2 CARD.
GROUP 3 CARDS*

0

0

0
0

.

' a

I1

C STRUCTURE OF USER SUPPL IED SUIPROGRAMS .
C,
C TWE DEFINITIUN nF THE CALLING PARAMETFOS USFn IN USEP SUPPLtFD
C SUBRCUTINES TORDF AND DRAG CAN RE ORTAINED FROM THE CURRENTLY
C SUPPLIFD VERSIONS OF THESE ROUTINFS*
C
C…--------------------------------------------------n- -----------------

C

C
C

C
C
C
C
C
c.
C
C
C
C

C
C
C
C
C
C
C
C

SUBROUTINE TORWOFCRPTF9 COSPTF. SINPTF. ZPTF. VRWTFs VAWTF9
S YVZ TF. WHICHG)

DECLARA TI CNS.

GO TO (100, 500. 1000). WHICHG

100 SECTIUN FOR REAUING IN PARAMETERS TO BE USED IN THIS
SUBROUTINE-

RFTURN %

500 SECTION FOR COMPUTING THE VELOCITY COMPONENTS OF THE
TORNADO WIND FIELD*

RETURN

:000 SECTION FOR PRINTING ANY RFLEVANT PARAMETERS USED IN THF
COMPUTAT ION.

C RETURN
C END
c
C --- *- --- ------ -------------- _--_______________________--- ---- ---

C
C SUEROUTINE DRAG(PAP4tSt DRAGCF* WHICHG)
C
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406 C OECLt.RATICNS.

'07 C

De C GU TO (100, 500i 1000)v WHICHG
409f C

C c IA0 SECTICN FGR READING It, FARAMFTENS TO BE USED IN ThIS
411 C SUtWRCUTINF.
412 C
413 C RETURN
4 14 C
415 C 500 SECTION rOR CUMPUTING THE DRAG CaEcFICtENT.
Ale. C
41? C AFTURN
4e8 C
419 C 1000 SECTICN FOS PRINT ING ANY RELFVAN7 PARAMETF.RS USED IN THF
420 c COMPUTAT! ON.
421 C
422 C riETURN
423 C END
*24 C
4A2 --------------- _---_-_-_-___-_-__-__-_-__-_-_-__-_-_-__-_-__-_-_--___-_-__-__-__--____
426 C…
c27 C PpCCEsp USAGE (OUTPUT).
428 C
42q C LAYCUT OF OUTPUT.
.30 C
£31 C THC. PROGRAM OUTPUT IS ROnKEN INTO 4 SECTICNS.
432 C

433 C SECTICN 1. FROBLEM DESCRIPTION.
434 c

435 C Tt-E FCLLO1WNG DESCRIPTIVE INFnRMATION IS PRINTED.
436 C

437 C WIND VELOCITY PARAMETERS.
43E c
43q C ALL THE PARAMETERS WHICF- ARq tNPUTED fOR COMPUTEO THE
440 C TORNAOO WIND FIELD ARE PRINTED. THE NUMBER, NAMES. AND
441 C MEANING OF THE PARAMETERS ARL DETERMINED BY THE USFR-
442 C
443 C DRAG CnEFFICIFNT PARAMETERS.
AA4 C

445 C ALL THE PARAMETERS WHICF- ARE INPurED FOR COMPUTING THf
446 C DRAG COEFFICIENT ARE PRINTFID THE NUBFER, NAME', AND
4A? C MEANING OF TFE PARAMETFFS ARE DETERMINED BY THE USER.
44e C
449 C PARTICLE PARAMETERS.
450 c
451 C SELf-FXPLANATORY. FROM INPUT.
452 c
453 C INI.TIAL CCNDITIONS (TORNADO WIND FIELDI.
454 C

455 C SELF-EXPLANATORY. FROM INPUT.
4A6 C
457 C INITIAL CONDITIONS (PARTICLE).
458 C
45C C SELF-EXPLANATORY. rROM INPUT.
460 C

461 C SECTION 2. TABULAR RESULTS.
46? C
463 C FIRST. tE INITIAL TIMF ANC T-FF TIME INTERVAL FOR OUTPUT ARF
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Af4 C PRINTtLO. NEXT. 13 COLUMNS OF UUTPUT ARF. GFNERATL0. EACH LINE

lkys r COkRESPONDS TU A SINGLE PPINT STEP. THE MEANING OF EACH
,Atf C COLUMN IS AS FCLLOWS;
467 C
468 C NSTP IS THE INTEGRATION STEP NUMsER REACHED AT TIME

Ces c To
470 C
471 c T Is THE SIMULITED TIME AT WHICH OUTPUT IS
472 c GENERATED.
473 c
*74 C xP ARE TI-E xs Y. Z CCOROINATFS OF THE PARTICAL IN
'75 C VP THE AGSOLLTC FRAME AT TIME To
47C C ?p
a7?. C
478 C RIMY1 IS SORT(XP ** 2 # YP ** 2).
479 C
ASO C VXP ARE THE Xe Y. Z CCYPONENTS OF THE PARTICLE
AS1 C VYP VELOCITY IN THE ARSOLUTE FRAME AT TIME t.
AA2 C VZP
Arl C
4R4 C HSPEED IS SoIT(VXP .4 P + VYP ** 2)
485 C
A4b C SPEED IS SoRT(VXP .P ? VYP .4 2 + V2P ** 2R
Ae7 C
AF4 C HWSPEF.D IS THE HORIZONTAL SPFFD OF THE TORNAnn wIND AT

4dQ C THE PARTCLE IN THF ABSOLUTE FRAME.
490 C

&9I C RTF(XY) IS THE HORIZONTAL DISTANCE OF THE PARTICLE FROM

492 C THE ORIGIN OF THE-TRANSLATING FRAME.
493 C
A 4 C IF bTVALD - I THEN ADDITIONAL OUTPUT IS GENERATED AT EACH

4Q5 C PRINT STEP. SEE THE VALIDATICN SFCTtON FOR THE MEANING or
496 C THIS ADDITIONAL OUTPUT.
497 C
49E C SECTION 3. PROBLEM TERMtNATInN.
499 C
500 C FIRST. THE REASON FOR TCPMINATInN IS PRINTED. IT CAN BE FoR
501 C ONE OF THREE REASONS.
D02 C
503 C 1) THE FINAL TIME HAS OEFN REACHEC.
50* C

505 C 2) THE PARTICLE F-IT THE GRCUND.
5Qe C
507 C 3) THE ODE SOLVER FAILED PPEMATUtFLY.
508 C
50 NEXT. RESULTS RELEVANT TO THE MHOLF RLN ARE PRINTED. EACH IS
510 c CURRENTLY TAKEN TO BE THE MAXIMUM IN ABSOLUTF VALUE OVER
511 C VALUES GENERATED AT THE PRINT STEPS. ThEY HAVE THE FOLLOWING
I12 C MEANIN .
513 C
514 C MAXVXP ARE TI-E MAXIMUM X. Y. 2 COMPONENTS IN ABSOLUTE
515 C MAXVYP VALUE OF THE PARTICLE VELOCITY IN THE ABSOLUTE
516 C MAXVZP FRAMEe

!17 C
518 C MAXMVP IS THE MAXIMUM SPEED OF THE PARTICLE IN THE
1t9 C ARSOLUTE FRAME.

520 C
521 C SFCTION 4. PLnTS.

38



E22 C
52.1 C ZFRC1 OR MORF PLOTS AfL PRODUCF.D ONE PER PAGE. THE. OHDINATE
f2A C AND AtSCISSA LAHELS CAN 5FCfkUNO CENTERED AFLOW THE GRAPH.

15 C THE PLOTTING CHARACTER IS THC LFTTER X, AS NUTED IN TI-F

C c SECT(ON, APPLICABI'LITY ANn RFSTAICTfUNS AT MOST 101 DATA

527 C 4'0INTS ARE PLCTTED.

528 C
52q C EARRR hANDLING.

!30 C
531 C INPUT Ct-ECKING.
532 C
!3 C THE FOLLOWING VARIABLES AtE CHECKED FOR VALIDITY IN THE MAIN
53' C PROGRAM. IF AT LEAST ONE IS INVALID AN ERROR MkSSAGE IS PRINTED
53S C AND Tt-FY ARE ALL RCSFT TO DEFAULT VALUES. THE DEfFAULT VALUES
536 C CAN BE FOUND IN THE SECTICNo MACHINE/SYSTFM DEPENDFNT FEATURES.

C AT THE START OF THE EXECUTABLE CCDE IN TFI-S MAIN PROGRAP.

53 C
53S C HI t5 THE INITIAL STEP. IT MUST BE POSITIVE AND LESS
540 C THAN FXTMIT.

E~t C
SA2 C FXIMIT ' IS THE T1I"E INTERVAL USFI) FOR OUTPUT. IT MUST BE
S'3 C PnSITIVF.

A A C
!4e C PROGRAM DETECTABLF ERRORS-
SCe c
t47 C AFTUR EACH INTEGRATICN STEP THE VARIABLE IER IS CHECKED. IF
5CO c ITS VALUE INDICATES THAT THE LAST STEP FAILED THEN INTEGRATION
A!A C TEfRMtNATES PREMATURELY. THE REST OF TH-F OUTPUT IS GFNERATFO
550 C AS L,.9j1AL WhTH THE ERRCR CODE PRINTED FOR THE REASON. THE OUTPUT

551 C WILL REFLECT ONLY RESJLTS GFENEPATED UP TC THE TIME OF THE

552 C FRaoR.
^5 C

!Ct C DISCUSSION OF METHOD AND ALGORITHm.

51- C
.56 C THE PROBLEM TO BE SOLVED IS A NUMEPtCAL INITIAL VALUE PRCRLEM IN
E'? C ORDINARY DIFFERENTIAL EOUATIONS. StX. FIRST CRDER. ORDINARY
5I C DtFFERENTIAL. FOUAT IONS. REPRESFNTING THE ECUATIONS OF MOTION. ARE
559 C INTEGRATED FROM SOME INITIAL TIME WITH SPECIFIED INITIAL
560 C CONnlTtONS TO SOME LATER TrIE WHICH SATISFIES SOME rERAINATION
561 C CCNCITION.
562 C
563 C THE ODE SO1VER. VOADAM. IS BASED ON THF VARIABLE ORDER. VARIABLE
564 C STEP ADAPS COCE DESIGNED AND IMPLEMENTATED EY Cs We GEAR IN
5A5 C RFfERENCE 1). SINCE THE SYSTEM OF nDES TO BE SOLVED IS MCN-STIFF
566 C ALL PARANETESS AND CALLS TO SUBROUTINES RFEOUIRED FOR SOLVING
567 C STIFF SYSTEUS HAVE REEN DELETEns
568 C
569 C CN EACH CALL TO VOADAIM TE DODE SOLVER IS ASKED TO INTEGRATE THE
570 C SYSTEM OF DOES OVER A STEP OF LCNGTH H. THE VALUE OF H ARISES FROM
571 C ONE Of TSO SOURCES.
572 C
*73 C II THE VALUE OF H RE TURNED BY THE PREVIOIWS CALL OF VOADAM.
574 C
57i C 2J THE VALUE CF H SPECtFIED BY CALLER INTERACTION*
576 C
577 : SOURCE 21 tS USED ONLY FOR THF INITIAL STEP AND WHEN THE STEP
576 C IS MODIFIED SC THAT IT rALLS ON A MULTIPLE OF THE FIXED TIME
57S C INTFRVAL USED FCS PRINTING. CrHtRWtSE, SOURCE IJ IS USED SO AS TO
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seo C ACHIEVE AN ECCKCMICAL INTEGRATION*
Eel C
58.> C THE INPUT VALUE OF H IS USED UNLESS THE FRPCR CRITERIA CANNOT RF
5t3 C MET. IN THIS CASE THE STEP AND/CR 0OF9.R ARE MOCIFtED TO TRY TO
ESA C MEET ThlC FRROR CRITkRIA. IF AN ATTEM'PT 1S MADE Tn nEDULI TI-E STEP

585 C 6FLOW A CALLER SUPPL.IFD VALUE, HMtN. tt. orDE SnLVER QUITS AND
5P6 CC RETURNS THE APPROPRIATE NONZERO EPPCIR CoNDITION CODE.
587 c
sso C ON'F A SUCCESSFUL STEP HAS IEEN TAKIN, VOADAM ESTIMATES AND
5AI1 C RLTURNS A GCOD VALUE LW h TO HE USED FOM THE NEXT STEP. THIS
690 C ESTIMATED STEP CANNOT tE GREATFR THAN A CALLER SUPPLIED VALUE.
691 C 1'MAX.
592 C
593 C FOR MORE DETAILS UN VOADAM CONSULT THE MACHINE REAnADLE
!94 C DOCUMLNTATICN AT THE AEGINNING OF THE SUBROUTINE.
5Q5 C
g96 C VALIDATICF
!97 C
SSP. C THE PROGRAM FRCVIDES THE USER BY WAY OF THE WTVALD INPUT VARIAULE
$QC) C THE CAPABILITY OF PRINTING IMPORTANT INTERMEDIATE QUANTITIES.
600 C THESE OUANTITtES ARF PRINTED AS ADDITIONAL OUTPUT AT THE NnRMAL
601 C PRINTING STEPS. THE AMOUNT OF OUTPUT PER PRINr STEP INCREASES FROM
602 c ONF LINE TO SEVCN LINES. TO INTERPRET THE MEANING OF THE VARIABLES
603 C PRINTrD CONSULT THE TAOLE BELOW ACCOMPANIro eY APPENDIX A OF
eo& c RErrRENcE 21z
o0! C

606 C HTF IS THE CYLINDRICAL RADIUS Of THE ORIGIN OF THE
607 C TRANSLATING FRAME FROM THE ORIGIN OF THE ARSOLUTE
608 C FRAME.
o09 C

610 C CUSTF ARE THE COSINE. SINE OF THE ANGLE THAT THE DIRECTION
611 c SINTF CF TPANSLATtCN MAKES WITH THE X AXIS OF THE ABSOLUTE
E12 C FRAMF.
e13 C
614 c PRtF IS THE CYLINDRICAL RADIUS OF tHC PARTICLE FROM THE
615 C ORIGIN OF THE TRANSLATING FRAME.
etf1 C
617 C FCUSTF ARE THE CisiN . SINE OF THE ANGLE THAT THE CYLINDRICAL
610 C PSINTf RADIUS TO THE PARTICLE MAKES WITH THF X AXIS OF THE
619 C TRANSLATING FRAME.
620 C
621 C WRTF ARE THE RADIAL. ANGULAR, AND Z CCMPONENTS OF THE WIND
622 C WANGTF VFLOCITY AT THE PARTICLE USING THF REVOLVING FRAME.
623 C %ZTF
424 C
25 C WXTF ARE THE Xs Y COMPONr.NTS OF THE X1ND VELOCITY AT THE

626 C WYTF PARTICLE USING THE TRANSLATING FRAME.
627 C
628 C WXAF ARE THE Xi Y9 Z COMPONENTS OF TI-C WIND VELOCtTY AT THE
629 C WIAF PARTICLE USING THE ADSCLUTC FRAME.
630 C WZAF
3 1 C

632 C RVXPAF ARE THE X. VP Z COMPONENTS OF rf-E RELATIVE VELOCITY OF
633 C RVYPAF THE PkRrICLE WtTH RESPECT TO THE WIND USING THE
634 C PVZPAF ABSOLUTE FRAME.
635 C
63t C

f37 C PORTABILITY.
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f.e

640
-A1
64 2
643

64Aers
64A.
ea7
64A
649

es5

652
e53
6!4

6E5
C5f
657
65f
659
660
£61
e62
te3
664
665
66

e67
66a
669
67 0
671I
67 2
Er'
6 74
67 5

677
678
679
6so
681
67B

68 7
e84

681
Ca6
687

689
690
69 1
692
694
094
flS5

.

C LANGUAGEe
C
C 11FLL VERIFICR FCRTRAN.
C
C PRECISION.
C %
C SINGLE.
C
C RESTRI CT IONS*
C
C THIS PHUGRAM #AS DESIGNED TO RUN CURRFCILY WITH A MINIMUM CF
C YODIFICATION ON MACHINES WHICH FAVE A SINGLE PRECISION
C FLOATING POINT WORD WITH A MANTISSA IN TPE RANGE OF 24 THROUGH
C 48 e2Tso
C
C ALL INPUT IS FROM FORTRAN FORMATTEC CARD IMAGES AND IS READ
C FROM LOGICAL UNIT S.
C
C ALL OUTPUT IS FORTRAN FORMAT GLNERATE0 AND 1S WRITTEN TC
C LOGICAL UNIT 6. TI"E INTENCLO OFVICE IS A LINE PRINTER SET TO
C AT LE AST A 132 CHARACTERS PER LIt E AND AT LEAST 60 LINES PER
C PAGE.
C
C FUR FURTHER DETAILS SEE THC SECTION, MAChZNE/SYSTEM Cf.PENDENT
C FEATURES9 AT THE BEGINNING OF THE EXECUTABLE COPD. IN THIS MAIN
C PROGRAM AND ALL SUaPROGRAMS LISTFD IN THE SUPPROGRAM DIRECTORY.
C
C CCOE FFESPCNSISILITY.
C
C MARTIN CUROES
C APPLIED MATHEMATICS DIVISlCN

C NATIONAL BUREAU OF STANDAnDS
C WASHINGTON, D.C. 20234
C
C (3012 921-2631
C

C HISTORY.
C
C ORIGINAL VERSION.
C
C WAY 1975
c

C REVISED VERSICK(S).
C

C AUG 1975
C APR 1976
c
C REFERENCES.
C
C t C. We GEAR, NUMERICAL INITIAL VALUF PROBLEMS IN ORDINARY

C DIFFERENTIAL EOUATIONS, PRENTtCE-HALL, 1971, 253Pm

C
C 2) E. SINIU AND Ho CORDES, TORNA0O - BORNE MISSILE SPEEDS.
C NBS INWERAGENCY REPORT

C
C ._ _ _ _ _ _ _ _ _ …_._ _ _ _ _ _ - ___________-- __________________________________

C

41



TORNAtC*d INC I I .TCHWIdF FX (O )
I SUBqCUTINF TCCWDF(RPTF.CCSPTF.SINPTF.LPTr.vvWT1-,VAWTF VZWTF,

WH I CH(;)

3 c
4 C THIS SL3RGUTINE CnMPUTES TtE TCrNADO WIND VELnCITY COMPoNrNTS
E C
6 C DEFI1'TI CN OF PARAMFTERS.
7 C RPTFsCOSPTFaSINPTFZPrF RAOIAL CCCROINATE. COSINE AND SINE
8 C THt ANGLtEt AND Z CCCRDIhATE OF THE

C PARTICLE wITH RESPECT TO THE CYeLINI
10 C COOOIDtATr SYTFM DEFINED AS TI-F
II C TRANSLATING FRAME
12 C VWhTFVVATFVZWTF * 4AVIAL. ANGUl.AR. AND Z ClMPONFNTS C
13 C MIND AT THE PARTICLE AS MEASURED It
14 C TRANSLATING FRAME
15 C WHICHG I - PFAD IN WIND VFLOCITY PARANtTEI
16 C 2 - COMPUTE WIND VFLOCITY COMPOWEN1
17 C 3 - P4INT WIND VELOCITY PARAMFTTERS

le c
IQ C PARAMETER CECLARA7IL 1 N5 .
20 c
21 REAL RPTF*CosPTF.SINpTF*ZPTFoVRWTFPvAwTF.vZb7T
22 INTEGER %HICHt
23 c
24 C CTHER CONMLN VARIACLES.
25 c
20 REAL RMTVZ0*TV.K l.*2,K3sK4 K5
27 C
28 COMMON /TWDFDP/RmTVZ0,MTVsKI ,K2,K39KAK5
2Q C
30 C LOCAL VARIABLE DECLARATICKS.
3I C

32 MEAL RNTVZP332.RAT IO
3' INTEGER ID,OD

34 C
35 C------------------------_----------_-_-__-_-__-_________-__-__
3 6 C
37 C MACHINE/SYSTEM CEPENDENT FEATURES.
38 C
3 C DEFINITION OF J/0 UNITS USED IN THIS SURROUTINE.
40 C
41 C IC IS THE UNIT USED FOR INPUTING DATA.
42 C
43 C CD IS Ti-E UNIT USED FOR OUTPLITING RESULTS.
44 C
45 C
Ae DATA ID. OD/5. 6/
47 C
as C
4 g C-- ------------------ __---_---__-_-___-___-________-__-__
5O c
51 GO Tn 1100,50oo0.tooo0 . CHG
52 C
53 C READ IN SI ND VELCCITY PARAMETERs
54 c
55 100 REAC(lC.ZSt) RNTVZO.MrV.KIsK2vK3.KA.KS
56 250 FORMATtICEe.o0)
57 RETURN

nF

RDACAL

Dr THE
N THE

rs
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Ose C
sq C COMPUTE WINO VELUCITY COMPONENTS
60 C
61 500 IF(ZPtF.GE.60.0) Go TO 525
62. RMTVZWRMTVZO+KI*ZPTF
63 GC TO et0
64 525 RMrVZ=RMTVZO+KI*60,0
F.5 550 P3R32(MTV/z13*O) *e6.25*RmTVZ
ee C
67 IF(RPTF.GE*RMTVZ) GO TO -75
,9 q h4AI I O-RPTF/ RTV Z

es9 GO TO 800
70 575 1AT1C=PMTVZ/RPTF
71 IF(RPTF&GE*R33ZI Go TO 650
72 C
72 6b 0 tF(ZPTF.GE.6o.0) GO TC 625
74 VRhTF=-K5*R33Z-RPTFII(1S432-RMTVZI*RPTF
75 VATF=RAT 10*MTV
76 V'TP-K3* Q3z -RPTF)/(R33Z-PMTVZ31ZPTF*K4/3.0VAWTF.
7' PETURN
78 625 IFIZPTF.GE.240.0I GO TO 650
79 VRITF=-K5*R32Z-RPTF)/(P33Z-RMTV2*RPTF*l240,.-LPTF1/180.0
e0 VAITF=RAT1C*IdTV
81 V2bTF=(1.33-ZPTF/180.0i*(Kt.*(lj3Z-RPTF)/IR33Z-RMTVZ)*60e04
82 KA/3.0*VAWTF)

I13 RETUnf
84 650 VrF.TF=O.o

P5 VATF=PATIO*MTV
e6 VZ%%TF=O.D
s7 RETURN
e.e C.
i C PRINT WING VELOCITY PARAMETERS
90 C
91 1000 OR1 TF(CODl1I00) NMTVZO,MTVKIK2.K3vKh.K5
92 1100 FORMAT(26POWINn VELUqITY PARAI.tERS./

93 di X.ISH FMtVZO iIFE12.4/
94 * '!X.IH PTV - ,IPEI2sA/
95 * SXISH KI = IPE12.4/

96 * 5Xsl5H K2 s IPEI2.4/
9X * *XISH K2 sIPF12*A/
9A 5X.ISH K4 :IPE12.4/
9 * XV,15H K5 = vIPF12*4)

100 RETURN
t01 C

102 FEND
END PAT

LPRT.S FI.ORAGSEX
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TnPNAnn l 1NU( I).ORAU F.x(O)
I sURnRUTtINF DRAG(PARMTS.oRAGCFowIICHG)
2 C
3 c THIS SUOPOUTINE COMPUTES SNE ORAG COEUFICIrNT Fnn THF. PARTICLE
A C
5 C, DEF-INITICN UF PARAMETF.RS
f. C PAnfTSII) a APRAY OF T1IME DCPENOCHT PkRAMECTE QS THAT
7 C AFFECT T)k COMPUTiATION nr THE. DRAG
eI C COPFFICIFNt
q C ORAGCF ' O..'AG COEFfICIENT C0C4PUTTED 1Y THIS
10 C SUBROUT I NE
It c WHICH t - RFAD IN DPAG COEF'FICtFNT IVARAMFRTERS
12 C 2 - CO'1PUTF DRAG.COLFFICIENT
13 C 3 - PRZNT nRAG COEFFICIENT PARAMETCRS
IA C
I 5 C PARAMETF.R OCCLARAYICNS,
IA C
17 REAL PA14WTSII I
it, RFAL D4AGGCF
I) INTEGER WHICHG
2C: C
21 C OTHER COMMON VARIABLES*
22 C
23 REAL CORAG
24 C
25 CCOMCH /CGCOPP/.CCRAG
26 C
27 C LCCAL VARIABLE CECLARATIIJNS9
2f C
29 INTEGLR IDOD0
30 C
31I ---------------------------------- ___-____-_____-.________________
22 C
2' C MACHINEJSYSTEM DEPENDENT FFATURCS&
34 c
35 C DEFtIhtION OF I/C UNITS USED IN THIS SUBRuIJwtN,
36, C
37 C to IS ThEC UNIT USED FOR INPUT tNG OATA.
3C C
39 C CD IS THC UNIT USfD FOR ntTPUTII8G rESULTS,
4C C
41 C
42 DATA IC, 0D/5 6/
43 C
44 C
4A5 C-------------- * -__ --_--____-______-__________
AC C
47 GO TO (100o.S00oICOOl HICHG
48 C
q C READ IN DRAG COEFFICIFNT PARAKETERS

50 C
51 100 REAOIIDv2501 CDRAG
52 250 FORMAT(6E12s0o
53 RCTUPN
54 C
55 C CUMPUTE DRAG COEFFICICNT
56 c
57 500 DRAGCFxCDRAG
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sp
Eq

(lo
t l
6?
63
66
e !

67
END PRT

RF TLRN
C
C PRINT DRAG COEFFICIENT PARAMETERS
C

1000 tPRlT.(OCt100) CORAG
1100 FORMA'1(29HOORAG COEFFICIEhT PARAVETEAS./

5X.* VH CORAG '. *IPR)2.A)
PETURN

C
END

IDARsS F I.CATA*EX

I
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TCKAD*% INK O(II * CDTAL' (1 )
I 4f.0 130.0 0.0 0.0 1.0 1.0 1.0
2 t10
3 I.0 10.0
4 hero 0.00 tO. 0.o 0.0 0.0S 0.0 0.0 35.0 0.0 0.0

10.0
* 10C-A lec-l to I.E-4

8' 1 1 1 X 1 I 0

10 C
it 0

END FRT

&XOT Fl.A8SSEEX
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PROnBLEM OESCRIPTIUM

Wt'iD V(LCCIrY PARAVETEPS.
MyTV20 - 4.6000+0O

#ITV 1.3000402
KI x 0.0000
932 M 0.0000
fc! a I.0000900
Ka B t*CCCCo00
K5 . 3.0000.00

DRAG COEFFICSckh PAUAPETESS.
CCnc4 w I.cCco*oo

PDATICLE PAPAAET2RS&

*SAREA M
MASS M

1.0000,00
1.0000#01

INITINL CONDITIONS. (TORNADO WIND FIELD)
PCSITION. X % 0.0000 r =
VELOCITY. VX w 3.3000401 VW

0.0000
0 .0000

INITIAL CCHOSTIONS. (PAUTICLE3
POSITION X = 4.6000401
VELCCJTY. VX = C.OOOO

Y a 0.0000

TA8ULAR ReSULTS

Z 4.000040
VZ *- 0.0000

Idt7AL TIME. C-OOOO
TIVE IMT.ERV FOVV ObPUT. 1.0000-03

0
71

'34
48
53
66
72
oa

as
90

302
tiO

I Iei
t2Z
12r

133
137

£4Z
140
M53

35,
157
36:?
164
3619

T XP * YP
0.00 4.50+01 0.00
a .00-01 4.56-01 3.73*00
2.00-03 9.96401 1.05+01
'.00-01 4.29+01 3.A0403

4.00-01 4.03+03 2.40301

5.00-03 3*65401 3.19.03
5.00-01 3. 16.01 3.71.01
7.00-01 2.57+01 4.040o3
e.00-01 1.92.01 9.31+01
9.00-01 1.24#01 4.04403
I.00n00 5.79*00 3.68401
1.10+00 -R-55-02 3.10+01
1.20*00 -4.59+00 2.24+03
1.30+00 -7*36#00 1.46401
I.40000 -8.28400 5.00400
I.530*00 -7.42.00 -4.75400
1.60*00 -4.90#00 -3.45403
1.70+00 -9.26-01 -2*40*01
1.80+00 4*31400 -3.3J+30
1 .90oo 0 .06+01 -4.16601
2.00.00 1.70901 -4.9.*01
2.10400 2. -03.0 -5.66401
2.20400 3-43+01 -6.31401
2.30400 4.33401 -et.n9901
2.40000 5.27601 -7.40+01

Zp

4.00*01

4*24401

4.71.01
5.29+ 01
S.96401
6.71+03
V.52901
B.-70t
9.22401
1.01+02
t .O9t0Z

3 7.*02
.24+ 02

1.313 02
I.37&02
3 .43*02

* 45402
13*53402
1.57+02
1.61+02
1.65.02
I-b 68t 02
I .?I 02
1.74t'02
3 .77+02

(XY3I VXP VYP VZP
4.60*01 0.00 0.00 0.00
4.58.01 -6.4'7*00 Sq.+ot 3."S 0
4.55401 -1 .-I.0 1 7.33+01 1.31601
4.65401 -t. 3't-o r.56+01 6.20401
4.76+01 -3.1Itot T.07401 7.12400
".83501 -4.36,01 5.92 01 7.90401

4.n7401 -5.42901 4.20+01 8.35901
4.79+01 -e. 254'01 2.26+01 S.S2#01
4.5l401 -6.73103 7.00-02 8.09601
4.22+01 -65*0*01 -2.3n*0I 5.324031
3.72 11 -6*.2701 -4.76403 8.03tO4
3.104ol -5.27-01 -6.76.01 7.61301
2.39401 -3.57103 -.- Z7901 7.10+01
1.64401 -3. I5502 -9.24901 6.564.01
9.72400 -. o19-ot -9.74+01 6.01401
.O8*300 1.72403 -9.860G3 5-.0401

I.53+01 3.28501 -9.693+01 5.02&01
2.41+01 4.64*01 --. 30401 4.58403
3.34901 5.eo0ol -O.78900 4.? 401
4.29*01 6. 7401 --. 3 7401 361.030
5*25#01 7.59401 -7.51+01 3.-7t01
6.22-01 S.25 101 -6-.0301 3.27*01
7.138+01 R.7Q401 -6.14401 2.59401
B.33+01. 9.21401 -5.460ol 2.64401
9.08t01 9.13401 -4.50,01 2.40v01

HSPFFD
0.00
5.95+01
r.45.01
T. 86-01
.75*0 a
735+ 01
6.90.01
6.68 +-D
6.3+0 1
7.20+0I
7.96v0t
8.57+0,
9.04 .03
9.t3403
9.74+01

1.00-02
.02402

1.09+02

1 .05+02

1.06+02
1.07*02

1.07+02
. 074o02
1.07*0Z
t.07t02

SPEED HwSPEEO
0.00 3.-+2
7.1 701 1.17.02
9.15+01 1.014OZ
1.00402 0-.56.0
1.05+02 L.0otol
I.061,02 7.84.+0
1.08902 0.13I01
I .0502 5.75401

. 0602 9.64+01
1.10+02 1.07402
1313302 1.13902
1.1,102 1-15#or
1.15*02 3.17+02
1.15402 1.ln-02
1.14#02 1.36402
1.34002 I.t9"02
1.14402 1.19.02
1.14+02 1.18+02
3. 3402 1.34*02
1.33402 1.17+02
1. 12'02 I-.1040
I 32402 1.14402
l.-1102 1.13°02
1.10402 3.11102
1.09902 1.30+02

RTf tXYI
4.60+03

4.23401
3.91401
.3.71403
3.6640t
3.72401
3.864o01

4.0**03
4.24401
4.* 4g50
&*70401

4.9 65 03

5.2 T-01
5.48403

6.03+03
6. 2701

6.974-0
T. l9+01
7.0~0401
7.62#01
7. 03+01
8.04401
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1STP T XP fP

170 2.50400 6.23403 -7.85,01
174 2.60*00 '.22403 -n.23403

178 2.70400 * 8.22*01 -8.56401
10o 2.80400
103 2.90*00
187 3.00400
390 3.04900
194 3.20400
199 3.30400
2:03 2.40.00
204 3.50400
20! 3.60400
230 3.'0.o0
212 3.80400
215 3.90400
222 4.00400
224 4.to100
228 4.20400
232 4.30400
234 4.40400
237 4.50400
242 4.60400
245 4.70+00
250 4.80400
253 4.90400
257 5.00400
262 5.10+00
264 5.20400
260 5.30.00
270 5.50400
274 5,50400

9.z34o0 -0.83401
I.024O2 -9.0540

.t12-02 -9.22401

-.23402 -9.34401
1.33402 -9.43+01
1.43402 -9.47+01
1.12*02 -9.484n0
1.62#02 -9.4640,
1.72+02 -9.40*01
1.51+02 -9.32403
1.90402 -9.22+01
2.00+02 -9.0"0.0
2.09402 -8.94+01
2.Ia0o2 -a.77+03
2.26402 -8.55401
2.35 02 -81.3.0i
2-4%302 -8.1&+O0
2.51402 - '.90+0t
2.59402 -7-6- 0J
z.67002 -7.37.03
2.7t#02 -7.09401
2.82402 -0.80.01
2.90+02 -6.49401
2.97402 -6.18401
3.04402 -5.5403
3.11402 - !.S2403
3.13702 -5.18401
3-2*402 -4*.0401

zV

I. 79 02
1 .I 4302
1.03+02
1 .89+02

I .R54+02

3. e7+02

I .90402

1.91402
I * 923 0

t .93-02

I3.9340)2
I1.94402
3.94402

3.94-02
t. 95402
I .95402
1.95+02

3 .95402

1 .90102

I .94402
I.94602
1.93402
1.93*02

1 .92402
1.92402
I .9140z

1.90402

I .89402

t.a2502

1 .88*02
1.ag,02
I .06402

I * £502

1.85402

I .73402
3.81402

1.910402

I .79*O2
1 .78402
1.73402
I3.77402
-.76402
3.502

1.4402
-3 .502

PIXY) vXP VYP VZP
3.00402 9.77+01 -4.*l4,03 2.t94o
1.09402 9.94 40 -3.55+01 3.-9+01

3.19*0Z 1400+02 -2-9fl01 3.80401
1.z2n02 1.01402 -2.4'401 1.63601
1.37402 3.01+02 -1.94#01 1.48401
3.45402 1.03+02 -3.47403 1.33403

t.54402 . 03o02 -1.04401 1.39401

1.63402 9.9403 1 -6.33400 1.01601
1.71302 9.09403 -2.62400 9.37400
3.79.02 9.78401 7. A-03 8.22400

1.130402 9. 6640 3.90+400 T.I3oo

1 fl-06 # 9.53402 6.74400 6.09000
2.04402 9.40+40 0.32&00 5.10+00
2312402 9.26+01 1.17401 4.07400
2.19402 9.11401 1.39O0t 2.64400
2-27402 8.95403 1.61401 1.40400
2.35402 0.79+0. 3.113403 3.14-01
2-42+02 .62401 2.00401 -6.44-01
2.49+02 .45*01 2. 1401 -1.49400
2.56#02 R.24+01 Z.34+01 -2.24+00
2..1+402 M.to o0 2.5040. -2.91400
2.7040Z 7.92401 2.64403 -3.50400
2.77402 7.75*01 2.7T401 -4.04400
2.44f0Z '.57.403 2.89+01 -4.52+00
2.90402 7.40401 3.00+01 -4.96400
2.97402 7.23.103 310401 -5.35.00
3.o34o2 7-.C701 3.19401 -5.71*00
3.09*02 6.90401 3.28403 -e.05+00
.3540CZ 6.74*01 3.35s40 -6.35400

3.21402 6. 5840 3.42+01 -6.63+00
3-2740Z 8.43+01 3.40401 -4.09+00
3*33402 6-20401 3.53401 -7.14+00
30J9402 6*1340t 3.58030 -7.36400
.a44o02 5.o9800 3.62401 -?7.5n00
3.50402 S. 44 03 3.65001 -7.70-00
3.55402 S.7040 3.903 _r-7.96400
3.61402 S.57401 3.73403 -R.14+00
3.66402 5.444+0 3.74+01 -.. 3140
3.73-02 5.2t0ol 3.75401 -8.46+00
3.-6402 5. 3R401 3.77403 -6.61300
3-Roz02 5-06401 3.75401 -SC76+OO
3.86402 4.94401 .*79401 -8.6900
3-.9402 4.e8201 3.79.01 -9.02400
3.96*02 4.71+0t 3.79401 -9.14000
4.00402 4. 59+01 3. 790f -9.24.00
4.05402 4.49401 3.7940t -9.37400
4.b0402 4.38+01 3.76901 -4.45000
*.14*0Z 4.28401 3.77403 -4.51400
4.15052 4.6s 401 3.76401 -9.68400
4.22002 4.a01801 3.7501 -9.77400

HSp5eD PFFO HwSPFED
1.0"02 I.08002 1.0"402
1.06-02 3.07402 1.07402
1.05-02 1.06402 1.0540Z
1 .04 OZ 1.05402 1.03402
.034 02 3.04402 30+.0302
3.02-02 1.03402 9.96401
I 01.402 3 .02402 9.79401
1.00+02 1.01402 9.62403
9.04.01 9.93401 9.45401
9.7bl03 9.51.01 9.29401

0.67401 9.69'01 9.13401
9.55401 9.57401 3097401
9.4-401 9.46401 8.82+01
9.33401 9.34401 8.68-01
9.22+01 9.22+401 M.5131
9. 10+01 9.30401 5.36401

0.98401 8.98l01 8.20-01
s.8503 t 8.85401 .05+01

8.73401 8.73403 7.90 *01
11.60.02 0.6040t 7.78401
8.4M401 0.46401 7.62403
8. 35+01 .36401 3 7.48+01
H.23-01 8.24401 7.34401

.3is401 8.12401 7-2IOG
7.9'+0I 8.00+01 7.09401
7.8740t .8t9401 6.964 0
7.V5401 7.T7401 6.84+40
7.64+01 7.06.0l 6.73401

7.53401 7.55.01 6.61401
7.42401 7.4501 e.001ool
7.31 301 f.344+0 6.5940*
7.2040t 7.24401 6.2940 1
7.30o01 7.13 6.184o-o01
6.99401 ?.03401 6.00410
6.59401 6.93401 59.9"01
6.79401 6.84401 3 .88401
6.69401 6.74401 5.79+01
6.59401 6.65401 5.69+01
6.50403 6.55401 5.60l01
6.64101 6.46401 .151-03
6.32401 6.17401 5.42+01

.2oz20ol 6.2901 5.341-l
6.13401 6.Z0403 5.25401
6.0&4401 6.130l 5.17401

5.96403 6.03001 5.00403
5s.7403 5.95401 5*00401
5.79401 5.86401 4.92*0t
5.70.0t 5*.8703 4.65401
5.62.01 5.o7ob0 4.77403O
S.54 01 5*62401 &.6940t

nTfixyI
8.24401
n.44401
8.6*401
8.85401
9.05401
9.25401
9.45401

9. 65401
I *03402

t .03402
1.05402
1 07.02
1.09.02
I *11+02

1. 3*02
t. 1"02
3.3174,02

1.39+02
I .?14*02
1.23402
1.25-0z
1.26-02
I . 28402

1. 32402
1.32*02

1 35402

1 . 37* oz
1. 37402
3.40+02
1.4 I.02
t.434OZ
1.4440Z
1,4640Z

3 .*9402
j.50*0z
I.5 102

t .53402
1.14500
1.56+02
1. 55402

I .#%0402
1.61402
1.62.02
1.63402
t 64.0,

276 5.60400 3.30402 -4.49*01
279 5.70400 3.364o2 -4.1330t
203 5.80400 3.42.02 -1.7740l
255 5.90400 3.48402 -3.41+01
289 6.00400 3.54402 -3.04403
292 6.10400 3.60402 -2.67+0t
248 6.20000 3.6!402 -2.3+001
300 6.30400 3.71402 -1.92#01
3D4 d.40400 3.76*02 -3.55403
309 e6.5000 3.01+02 -3.37403
312 f.604b" 3.0!602 -7.92400
336 4.70400 3.91.02 -4.13.00
314 6.*0400 3.96402 -3.35-'3l
323 6.90.00 4.00002 3-45400
32! 7.00400 4.05402 7.24400
330 7.10400 4.09402 1.104ot
334 7.20400 4*14602 1.46401
339 7'3G400 4*18402 3.-6601,
343 7.40400 4.2202 2.23401



I(13 S Yp
335 7.50*00 4.26vo2 2.63401
388 7.60400 4.30.02 2.9+0 1
352 7.70400 4.34402 3.35+01
356 7.80400 4.37&02 3.72403
360 7.90400 4.*I+OZ 4.09+01
364 n.00a00 4.45+02 4.45401
366 .1.0400 4.48a02 4.8z201
370 8.20+00 4.52+02 5.13601
374 8.30+00 4.55+02 5.53+01
376 C.40400 4.SeC02 s.89#O0
380 5.50400 A.61,02 6.24.01
283 L.6C400 4.64402 6.59403
35? 8.70400 4.67+02 6.9490t
391 e-.8000 4.70402 7.28401
395 0.90400 4.73402 7.62+01
2'97 9.00400 4 .76-02 7.96+01
'o0 9.0+000 '3.79+02 8.30401
404 9.20 O0 4.82+02 6.63401
408 q-JO+OO 4. 84* C2 8.95"01
411 9.40400 4.57402 I.284O0
his 4.50*00 4.A9+02 9.60401
435 9.60400 4.92.02 9.92403
422 ;.70+00 4.94402 13.2402
u74z 9.00400 4.96402 1.05402
427 9.90+00 4.99402 3.08402
429 1.00403 5.01+02 1.11402

ZP I(XY I VXP
3.72* 02 4. 27-0 3.98401
1.71+02 4.31402 3.p9*01
1.70402 4.35402 3.7940!
3.9+402 4.lq*02 3.71-o0
I .64+02 4.4340Z 3.62.01
3.67-02 4.47*02 3.13*01
1.66+0Z 4.51,02 :i. s5o0
I .6502 4.55.02 3.3r.0o
1.6+0Z 4.58402 3.29401
1.03402 4.62402 3.z21o4
I .62402 4.66402 3.14+01
I .04.02 4.69402 3.06+01
t.59402 4.73902 Z.q90ol
1 .58+02 4.78402 2.92.01
1.r5702 4.7940z Z.as+Ot
1.56402 4.83402 2.79401
I.ss+OZ 4.86402 2.72+01
1.!4*02 4.09402 7.e6401
1-.5302 4.69240z 2.6040I
1.!2402 4.96.02 2-.4*01
3.51402 4.99+02 2. 480 1
3.50+0Z 5.02+02 Z.4240I
I.4840z 5.05402 2.37401
1.47+02 5.00402 2.33401
1.46+02 5.10402 2.26401
1.45402 5.13+02 2.21+01

VYP VZP
3.74.01 -9.a6.00
3. 72. 01 -9.94400
3.70.01 -3.00401
3. 6A.01 -3.01401
3.66.-01 -I.02401
3.64.03 _1 -. 3.0 I
3. 62401 -1.03401
3.59.03 -1.04.0 1
3.57+01 -i.os503
3.54+01 -1 .0540 1
3.51.01 -3.06+01
3.48+01 -I.06+0 1
3.45401 -1.07+01
3.AZ+01 -I.07403
3.-o901 -1.0040 1
3*.36403 -O 08401
3.33 401 -I .0940 1
3.294f -1.09+01
3.26' -3.0.0 1
3.2: -1.30401

.39... - 1.11+0I
3.35+01 -1.1 401
3. 12+01 -1.33401
3.0o+40 -1 .124+ 0
3.0&*03 -I .12+01
3.01o0t -1.12+01

S SPEED

5.46401
s5.38+ O
5.30403

5.22+01
5. I 54ol
5.07401
5o00 *o I
4.92401
4. 854O0
4.r8o41
a,7 1 *o I

4.64 401
4 .5?-0 t

4.50+01

4.43+01
4.37+01
*.30+01
4.23401
4.17+01
4. 10401
4.04401
3.940 1
3.91 401
3.85401
3.79 .0 1
3.73*0 1

SPfED I4SPEED
5.5501 4.624h01
5.47401 4.544 +4
5.40401 '.47401
S.3Z.0I 4.40401
5.25#03 4.33*01
5. t1og4 I 4.26 o01
5.10401 4.19403
S.03031 4.12401
4.96401 4.05401
4.89+01 3.9+401
4.83401 3.9240 1
4.76.01 3.s660o 1
4.69.01 3.794-0
4.63401 3.73+01
*.56#01 3.674r0
4.50401 3.s 10I
A.43+01 3.So01
4 .3740e 3.48401

4.31401, 3. 4 2401
4.25401 3.37401
4. t9401 3.3340 1
4.13301 3.25.00
4.0701 3.1940-0
4.03+03 3.31401
3.95.03 3.0 1-01
3.90401 1.0340-

"TP IXY )

1.65+*0
1.67.02

I _684902
3. 69402
.7040?

1 *71402

I .' z402
1 . 73+02
1 .73402
3 *74-02

1 .75-02

I 76 02
1. 77+02
I .78402
I *n 7902
1. r0402

I . m I302
3 * 01.02
1. 82+02
I * 44oz

1. 54502
I .85+0z
1 .86*02
1.87 *02
I . 86402

PAOOLE" TERMINATION
RES FPI?.At. TIME HAS BEEN RELCIEo

RESULTS lEL.EVANT To bIOLE RUN.
OAAVXP = 1.f0121402
NAXVYP - -9.857#7.0
MAXVZP a 8.5224401

MAXWVp " 1.3499402
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