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Tornado - Borne Missile Speeds

Emil Simiu and Hartin Cordes

.Y At the request of the United States Nuclear Regulatory Commission (NRC) the National
Bureau of Standards (NBS) has carried out an indeperdent 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 cf the tornado
flow, and the aerodynamic propercties of the missile; (2) a theoretical and experimental
study of tornado-borne missile aerodynamics, conducted by Colorado State Univepsity (ESU)
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
exanined. Information is provided on & computer program developed for calculating missile
speeds. Maximum speeds for a number of specified potential tornado~borne missiles are
presented, correspond{ng to a set of assumptions believed by the writers to be reasonable
for design purposes, 1t is pointed out that higher speeds are conceivable 4f it 4s
assumed that certain circumstances, examined in the body of the report, will obtain.

is the judgment of the writers that the probabilities of occurrence of such higher specus
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 enginéering; 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‘:ha:. in addition to the direct action of the wind and of the.moving ambient pressure
field, the designer consider the impact of tornada-~borne missiles, i.,e., of objects
moving under the action ¢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
ternado wind conditions specified for the design of nuclear power plants.

Several such estimetas have been reported so far [1, 2, 3, 4, 5, 6, 7]. In certain
instances the differences between various estipates are very large; for example, the
predicted speeds of a utilicy pole {13-in (0.33 n) diameter and & 35-ft (10.7 n) length]
predicted by Refs. 5, 6, 1, 2, & and 3 are 16.5 m/s, 30.5 /s, 41.2 m/s, 42.7 m/s, 52.2
m/s and 54.9 m/s, respectively. TFor any given nissile, the kinetic energy associatedz
with translational motion is proportional to the square of the speed; in the case of ﬁhe
utility pole, therefore, the ratio of the largest to the smallest of the kinetic energy - —
estimates of Ref. 1 through Ref, 6§ 1is greater than 10. For other missiles, the ratio
varles from almost 2 in the case of 2 1-in (2.54 cn) diameter steel rod to over 5 in the
case of a 4000 1b (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 prodlem, 1.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 detaliled features of the wind flow field.

- the aerodynamic characteristics of the object (which, in most cases of practical
interest, is a bluff dody).

Differences between the various sets of basic assumptions used in estimating tornado~
borne nissile velocities may be ascribed, in part, to the probabilistic nature of the
problem. Indeed, for any given tornado wind field, the initial eanditions constitute a
gset 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 patential missile. )



At the request of the United States Wuclear 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 ecstizating credible tornado-borne missile speeds--within the limitations
inherent in the current state of the art,

The objectives of the investigation were defined as follows!

1. To aelect a raticnal model for tha tornade-borne missile motion.

2. To develop a computef program based on thiz model, capable of computing nissile
trajectories and velocities for any spezified initial conditions, tornado wind
speed model, and assumptions regarding the drag force acting on the wmissile,

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 miseiles,

'8 To determine, in & number of representative cases, the sensitivity of the
calculated results to changes in the assumed initial conditions or in the
assuned tornado wind speed model. .

$. To odtain and intaerpret information, based on wind tunnel tests, regarding the
aerodynamlic behavior of various potential missiles, 1.e., drag coefficients for
various misaiie notions, intluding motion in the tumbling mode.

6. Froo the results of items 3, & and 5, suggest credible spesds of selected
potential tornado-borne missiles, coppatible with the current state of the art
in nuclear power plant design,

2. MODEL FOR ThE TORNADO-BORNE MISSILE MOTION

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 d}fficulty in writing these cix equations
is that the sercdynamic forcing functions are not known.

It 1s possible to measure in the wind tunnel aerodynamic forces and moments ecting
on a bluff body under static conditions for a suffficient 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 airfeil has a time-dependent
vertical motion h(t) in a uniform flow with velocity U, and 1f the angle of attack 1is
a = const, the li1ft coefficient 1s

dc
L 1 dh
CGL"Fm oty @ (1)

This procedure for calculating aerodynamic forcet and moments is valid if the quasi-
ateady assunption {Ref. B, p. 192) is ascceptadble and if the body concerned behaves

2



aerodynanically like an airfoil - {.e., L{f the body {s 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 nodel .for the aserodynamic description of the
missile as a rigid (six-degrees-of-freedom) body, it is customary to resort to the alternative

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

.
.

be120calvy -5 | G, -9 : . @

where p = air density,';; = wind velocity, = missile veloeity, A ir 2 suitably chosen

v
area and CD 1s the corresponding drag coeffigien:.

This model is reasonable {f, during its motion, the missile either (a) maintains a
constant or almost constin; attitude with.respect to the;gglative velocity vector ;; -

3&, or (b) has a tumbling motion such that, with no significant errors, some mean value
of the quantity CDA cen 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 aerodynanmic

force were applied at =ll times exacily at the center of mass of the body--which 1s
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-fluld 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 resdlts--obtained in
studies of bridge deck aerodynamic stability-~which pro@ide useful insights into the’
question at hand, Consider a2 body restrained by four springs of equal stiffness, immersed
in a horizontal flow (Fig. 1), and subjecsfd to an Impulse which produces angular oscillations
fi(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 H5 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 hﬁnd. for bluff bodies, at high
velocities of the flow and for vanishing values of the spring stiffness, the aserodynamic
damping 41s negative in the large majérity of the cases tested [9].

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 poéential tornado-
borne missiles will tumble during their moéion ;;pears therefore to be reasonable., It

will be this assumption that will 62 used in this work.
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Assuming that Eq. 2 1s valid and that the average l1ft force vanishes under tumbling
conditions, the motion of the miseile viewed as a one-degree-of~freedom system is governed

by the relation:

dv
Mo CA = _ = - _= = 3
et 1/2 p : [ vy = v, | gy =-v) - sk

- A
wvhere g = acceleration of gravity, k = unit vector along the vertical axis &nd m = mass of

nissile.
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 mz and the mass, m, in kg. 7To transform the parameter CDAIV. where A is
expressed in £t2 and the weight in 1b, into the parameter CDA/m. vhere A is expressed in

n2 and the mass, n, in kg, the following relations are used:

C.A 2 CAA 2 )

D £t - D" o (4s)
- " 1l b o . 205 —kg

C_A 2 C.A 2

D m D fr

- 1 X8 -+ 4,902 15 (4b)

3. COMPUTER PROGRAM FOR CALCULATING
TORNADO-EORNE MISSILE TRAJECTORIES AND
VELOCITIES

To calc;late and plot trajectories and velocitie; of tornado~borne misailes, 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 ;h and of the wind velocity ;; must
be refarred to an ebsolute frame, The wind velocity 3; is usually specified as a sun of
two paxts, The first part represents the wind velocity of a stationaxry tornado vortex
and 1s referred to & cylindrical system of coordinates. The second part represents the
translation velocity of the tornado vortexn--or, equivalently, of the cylindfical sydten
of coordinates--with rhspect to an absolute frame of reference. The trcasformations
required to represent ;; in an absolute frame are derived in Appendix A and are incoxrporated
in the cooputer program. Documentation on the computer program and a sample input and
output are given in Appendix C. The program, which is written in ANSI Fortran language,
pay be obtained on tape from the National Technical Information Service, Springfield,
Virginia 22151,

For the particular case of a parallel flow, an znalytical 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 subroutire describing the
wind field %“as modified to represent a parallel flow.

S



4, NUMERICAL COMPUTATIONS

1t was previously noted that, for a given flow fleld and for given initisl conditions,
the migsile motion depends cnly upon the value of the parameter CDA/m. In this section,
numerical results will be prezented which show the effect of this parameter on the maximum
horizontal migzile speed. Tha calculations are based on the following assumptions:

1. Tha parametsr CDAIu is constant during the missile flight,

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

uniform velocity v along an axis denoted by Ox (Fig. 2). Let v, , v., v_and v = (v 2
2.1/2 T R" "8 'z rot R
Vg ) dennte the radial, tangential, vertical and horizontal velocity in the vortex
flow, respectively. It is assimed that
v T ’
1:ot-Rm n D<r< R (5)
Yrot = EE v R <r<mw ’ (6)
¥ T n m-—r-—

where Vo 13 the maxioum horizontal velocity in the vortex flow, r 1s the radius (distance
from the vortex center) and Ru iz the value of r at which this velocity is attained,

Eqs. 5 and 6 are sinilar to descriptions of the flow proposed in Ref., 10 (p. 135)..
Furthermore, it is asgsumed that A 1/2 Ve and v, = 0.67 Vgr i.e., (see Fig. 2).

1
YR T T 5 Vrot (7
e
B /-5—' rot (8)
v m oty . (%
4 3/—5— ro

The type of model just described is referred to as the Rankine vortex and appears to
be a ryeasonable representation of tornado flows, Estimates based on f£ileld observations
suggest that it is reasonable to assume--as is done in this model--that Rm is independent
of height {Ref. 10, p. 131},



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

Table 1 - Values of Vo Vo and Em Used in Numerdical Calculations

V1 Va Veorn © Vm + Vr Rm
Tornado mfa® uph ula* oph n/s* aph n* fc
Type
1 a1 . 70 130 290 ' 161 360 46 | 150
2 27 60 107 240 134 300 46 | 150
3 22 50 85 190 107 240 4t 1 150
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. 1l as providing
an acceptably low level of fallure 1f used in che design of nuclear power plants. The
values for tornado type 4, 5 and 6 were included for the purpose of studying the effect
upon nissile velocity of relatively small increments in the value of Voo

3. The assuned initial conditions are: x(0) = Rm' y(0) = 0, z{(0) = 40n, vm(O) - 0,
va(O) = 0, YH:(O) = 0 at tipe't = 0, where X, ¥, z are the coordinates of the missile
(L.e., of 1ts center of mass) end vHx‘ va, sz are the missile velocity components along
the x, ¥, z axes (Fig. 2). Also, at time t = O the center of the tornado vortex coincides
with the orlgin O of the coordinate axes. The effect of assuming fnitcial conditions different
from those indicated is examined in the next section of this report.

The dependence upon the parameter CDA/m of the maximun horizontal misgile speed calculated
in esccordance with assumptions 1 through 3 is represented in Fig. 3 for tornado types 1
through 6 as defined in Table 1. 1In Fig. 3 Veorn ™ V1 + Vo (Table 1).

5. SENSITIVITY OF CALCULATED RESULTS
TO CHANGES IN THE ASSUMED INITIAL
CONDITIONS OR IN THE ASSWMED TORNADO
WIND SPEED MODEL

5.1 Changes in the Assumed Initial Position of the Missile,

For flows with Vo ~ 146 nls, Rm = 46 m, and ve " 31 n/s, the maximm horizontal
speeds of missiles with CDA/n = 0,001 and CbA/n » 0.0l were calculated using the inicilal
positions gshown in Table 2. Except for the initial positions, the results of Table 2 are
based on the assumptions described in the preceding section. 1t is seen from Table 2 that

7 .



Table 2 - Maximum Horizontal Hissile Speeds, v?x 1 (m/s)

Corresponding to Varfous Initial Positions

B Initial Position cDA/n

(1) (2) 3) (4) ) (6)

x(0) | y(0) 0.001 0.01
{neters)

(a) O~ 46 0 10 65

(b) o~ 23 ) 18 93

(c) O 65 o] 9 48

(d) O+ |48 0 18 82

(& | O 0 113 16 68

(£) O~ 0 23 20 84

(8) Q- 0 -23 35 50

(h) Q-+ ) ~46 54 70

1. Arrows in column (2) represent direction of translation velocity Ve
2. Assuped elevation of missile at time t = 0 2(0) = 40m in all cases.

Table 3 - Maximum Horizontal Miusile Speeds, v;ax’ (m/s) Corresponding to

Iaicial Elevatzons z(0) = 10m,
2(0) = 20u and 2(0) ~ 40m (CQA/m = 0.001)

Initisl Position z (0) -

(1) (2) 3) (4) (5) (6) (7)

k¢o) | y0) | 10m | 20m 40m

(meters)

(a) G 4 46 ] 10
(&) G 4 23 0 18
(c) O +| 69 0 9 9
(d) ok B3 o | 14 16 18
@ | O+ of 4 | 3 5 16
0 | ® =+ o} 23 |12 | 16 20
(g) ® =l 01}]-23 19 29 35
(h) Q| o |- 33 42 54
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Figure 3 Variation of Maximum Horizontal
Missile Speed as-a Punction of

CDAIm for Various Types of

Tornadoes



the initial position uysed in the calculations of the preceding section, (position {a) of
Table 2) does not result in the larpest possible maximum horizontal missile speeds.

It i3 also noted that the initial positione 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); for CpA/n = 0,001, it 1s (h) [see Table 2]. )

As indicated in Note 2 of Table 2, the initial elevation essumed in the calculations
was 2(0) = 40m. If the weight of the missile is smaller than the upward drag induced
by the vertical wind velocity componént, then the calculated missile velocit{es at time t
ere independent of z(0). kThia is the case because, in the assumed tornado model, the
flow fleld 1s invariant with z). However, 1f the missile weight exceeds the upward drag,
i.e., if the missile moves downward,--2s 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(0) decreases, Therefore, the maxioum missile speed may decrease if lower values of the
initial elsvation z(0) are assumed, Table 3 lists speeds calculated using the assumptions
z{(0) » 10 and z(0) = 20u, all other values of the various parameters being the saume as
for column (5) of Table 2, For comparison the calculated speeds in column (5) of Table 2
vere also {ncluded in Table 3.

Missile speeds were also calculetad corresponding to vsrious initial elevations
0 <z (0) < 10r, It is of interest to note that the maximum horizontal speed of a nissile
with CDA/m = (0,001 starting the motion from position ‘h) is relatively high even for low
values of the initial elevation 2(0). For example, for z(0) = 3m and 2(0) = 5m, the maximum
missile speeds are 23 /s and 27 mfs, respectively,

Calculatioans were also.carried out for the horirontal distances traveled by thea
missiles, For example, for CDA/H = 0.001 and the initial position (h), the horizontal
distances corresponding to z(0) = 3m, 5=, 10m, 20m, and 40m are, approximately, 20w, 30m,
50, 90m and 160m, respectively.

5.2 Changes in the Assumed Initis)l Velocity of the Misslle.

The results given in the preceding sections are based on the assumption that the
initial velocity of the missiles is zero. If the missile I3 injected in the flow, for
exzaple by an explosion, thiz assumption is no longer valid. However, all other conditions
being equal, & non-zero intial velocity does not necessarily result in A maximm nissile
velocity higher than that corresponding to zero initial velocity. This is fllustrated
in Table 4, in which type 1 tornado (see Table 1), and the conditions VHx(O) ¢ 0,

VHY (0) = 0, Vite (0) = 0 wvere assuzed.

.Table 4 - Maximum Horizontal Missile Speeds, vgax' (»n/e) Corresponding to Various Initial Velocities

C,A/m = 0.001 C,Alm = 0.01
md @ | m (4) ) | (6 1 () (8 1 | (1o
x(0) | y(0) Vig, LU (meters/aecond
(neters) 0 10 20 0 10 20
(a) O~ 46 0 8 9 20 62 58 53
(e) g 0 -23 3s 45 35 63 59 59

10



5.3 Changes in the Assuxmed Tornado Wind Speed Model.
5.3,1 Tornado Described by Eqas. 5 through 9 with Vg ™ 0.

Table 5 lists maximum hotizontal missile speeds for the same parameter valuss and
initial conditions as those used in Table 2, except that the translatiocn velocity of the
tornado vortex is zero, rather than 31l m/s., It is seen by comparing Tables 2 and 5 that
the czlculated speeds are, on the average, higher in the case Ve o 31 nfs, although for
sone initial positions the reverse is true,

Table 5 - Maximum Horizontal Missile Speeds, yoax '
Corresponding to Various Initial Positions (YT = 0)

Initial Position CDAlm
)y | @ x(0) | y(0) (2) (3)
(meters) 0.001 0.01
(a) O L6 0 30 65
(t) 23 0 7 61
(e) 8 69 D 19 60 .
(d) o) -46 0 30 65
(e) @) 0 46 30 65
(t) gz 0 23 8 61
(g) 0 ~23 8 61
(h) A 0 -46 30 65

5.3.2 Tornado Vortex Hodels Baged on Data Obtained Durinpg the Dallas Tornado of

Apxil 2, 1957 [13].

In this family of models, the velocities in the tornado vortex depend upon the quantities
RD = rgdius of maxiounm tangential velocity at elevation z « O, Voo ™ maximun tangential

velocity and R*(z) = radius beyond which the radial and verticel velocity components
vanish., In addition, the flow depends on three parameters kf,,kz, k3, as will be shown
subsequently. The radius of maximum tangential velocity at elevation z is denoted by
Rm (z) and is assuxzed to be

. 0<z < 60m 0)

Rm (z) = Rm + kl z

R, (2) =R +60k z > 60m (11)

1

It is seen that the parameter kl is a measure of the extent to which the tornmado
‘vortex deviates from & cylindrical shape., If ki ~0 the radius of maximum tangential
velocity is invariant with height, as in the model described by Eqs. 5 through 9. An
essumption commonly employed in tormado-borne miseile speed investipgations is k1 » D45
[2ea, for example, Refs. 3 and 12}, It is further essumed [3, 12]:

11



R% (2) = CRm (z)

vwhere C is & coefficient which depends upon ma'

for Voo ™ 130 m/s, C = 2,10 for Vom

= 107 m/s and C » 1.80 for Von = 85 n/s.

are similar to.those.used in Ref, 3, )
Lat r denote the distance to the center of the tornado vortex. The components

of the velocity in the tornado vortex are assumed to be

0<z<60m

V «aok, R (z)~7¢
R R* (z) - Rn (z) r r _<_ R* (z)
VR - 0 r > R*(z)
vV, » Sy
8 Rm (2 6o T -<- Rm (2)
Rm !ZZ
Ve " T 1 Vem r >R (2)
v = R* (Z) bl ¥ -+ 16- r < R# (-)
"R W@ R, @I FRA L
v, =0 T 2 R (2)

60 o <z < 240m

- R* (z2) ~ r 240 « z
TR R <R, T 180
vp ~ 0

T
Ve " Rn (z) Vom
R (2)

P - N,

VB T "em

- - = R* (2) - ¢
Ve (1.33 180) (kJ R* (g) - R (z)

v_ =0

12

" < R* (2)
r > R* (z)

r £ Rn (2)

r > Rﬁ (z)

M)
60+ 57 <M (z)

T > P (2)

(12)

In this work, it wag assumed C » 2.35

Theaa values

@13)

(143

@s)
(16)

(¢¥)]

(18)

(19)

(20)

{21)

(22)

23)

(24)



Table 6 ~ Haximum Horizontal Missile Speeds g?axj (n/s) Corresponding to Varipus
}

Parameter Values

Case Vem Vo k, X, kq C A/m vgax
(w/s) (n/s) m?/kg (u/s)
1 85 22 W45 1 1 0.025 90*
2 85 22 | 45 | 1 0 0.025 83¢%
3 85 22 0 1 0 0.025 77
4 85 22 0 1 1 0.025 79
5 130 31 45 1 1 0.025 90*
6 130 3 45 1 0 0.025 126%
7 130 3 0 b 0 0.025 BO*
8 130 31 0 1 1 0.025 75%
9 130 31 45 1 1 0.01 g1
10 130 31 45 1 0 0.01 . 87
11 130 31 .25 1 o 0.01 73
12 130 31 0 1 1 0.01 60
13 130 31 i} 1 0 0.01 60
14 130 31 45 0 1 0.025 60
‘ 15 130 31 | - .45, 0 1 0,01 36

* Calculated speeds are higher at z > 60m,

13




The most comnonly used value of the parameter k2 is unity (see, for exsmple, Ref: 3 and
12). However, it ir by no mesns certain that Eqs. 13 and 19 with k2 = 1 are a satisfactory
model of the radial v=)ocity Vg Indeed, sccording to Ref. 10 (p. 135), vp is negligible
throughout the tornado £low except in the vicinity of v = R.m (z). It is, therefore, of
interest to exacmine the influence upen the calculated missile speeds of the assumption
VR -_0. This can be done by assuming kz = 0 in Eqs. 13 and 19.
similarly, while it is coxnonly assumad k3.- 1, it 1ia 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
Calculations of missile trajectorles and speeds based on the assumption that the

w 1, This can be done, for example, by assuming k3 =~ 0.

tornado vortex is described by Egqs. 13 through 24 vere carried out for the 15 cases

1isted in Table 6. 1In 81l cases of Teble 6 it was assumed x(0) = Rm = 46m, ¥(0) = O,

z(0) =~ 0. Table 6 only includes the maximum calculated horizontal missile speeds vm;x

at elevations z £ 60 n,
A discussion will now be presented of the results of Table 6. The cases corresponding
to the set of parameters k1 « 0,45, k2 =1, k3 = ) which, as previously indicated, are
most commenly assuved in missile apead caleulations, will be examined firsc., 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. k

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

Table 6 Figure 3
Epi Case v:ax Tarnado v:ax
° (n/s) Type (u/s)
0.025 1 90 3* 57
0.025 3 90 14 8l
0.01 9 91 1x 63

* See Table 1

Thie can be explained ;s follows., Assume that Ve -?vr = 0 and that the missfile starts

from an initial position x(0) = Rn. As the missile gains momentum, it tends to fly in a
straight line along therdirection of the tangential velocity, i.e., at larger distances

from the center of the vortex. In the case of & tornado with a radiﬁs of maximum cangential
speed that is constant with height, as the missile moves away from the intisl 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 spead components
larger than the missile weight, then 28 the missile moves away frop the center and up it

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



_rate. This mechanisn is modified only slightly in nost, 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, &nd 12 to 9. 1In cases 4, 8 and 12, kl -
0, i.e., the radius of maximum tangential velocity is constant, and the missile speeds
are lowver than in cases 1, 5, 9, in which that radius increases with height. A similar
conclusion {8 reached by comparing cases 3 to 2, 7 to 6, 11 and 13 to 10,

The paramster ka. which controls the magnitude of the vertical wind velocity component,
does not appear to affect the missile speeds in a uniform fashicg. i.e., to the value k3
= () there correspond in certain cases lower values of the missile speed than to the
value k3 =) (e.g., case 2 vs. case 1); in other cases, the reverse is true (e,g., case
6 va. casge 5). '

Some meteorologists have expressed the view that the radial velocity component Ve
is smaller over nmost of the tornado field than that described by either Eq. 7 or Eqs. 13
and 19 with k, = 1[10). It is therefore of interest to examine the case kf = D, It is
seen, by comparing in Table & cases 14 and 15 with cases 5 and 9, respectively, that the
assunption kz = 0 results in considerably lower missile speeds than the assumption kz -
1. This is the case because, if k2 0, (1.e., if vp * 0), the nissile is ejected
{(i.e., it flies at larger distances from the center of the vortex and therefore, in =
region of lower speeds)'sooner than if k2 =1, ({.e., than 1f 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(0) = Rm, y{0)= 0. 1t is conceivable
however, that initial conditions exist which might result in higher missile speeds for
kz = 0 than for kz =1,

6. AERODYNAMIC FORCES

.

In this work it was assumed that the aerodynamic force acting upon a nissile is
D=1/2p CpA I v, - Vi [tv, - i . (28)

vhere p = sir density, ;; = wind velocity, = migsile velocity and CDA is a suitably

v
chosen quantity with the dimensions of en arga. As indicated in Section 2, Eq. 2 may be
assumed to be valid under random tumbling conditions, i.e., 1f the motion 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 1hrge. In this connection
it may be argued that, instantaneously, lift forces do exist, and that the momentun they
dmpart to the nissile may not be negligible 1f 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 3; - ;h and the missile trajectory would deviate from that
predicted by using the aerodynamic model implicit im Eq. 2. It is believed, however,

that the effect of such deviations on the maximum spesd of the tornado~borne missile is
15



comparzble to the effect of changes in the initlal conditions of the problem such a% vere
studfed sn Section 5, For the purposes of this report, the exietence of lift forces whith
ate not taken into account in the calculations is believed not to invalidate the aercdynamic
vodel 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
aveilable. Ref. 14 exanines tumbling motions for supersonic wind conditions, while Ref.

15 contains information on tumbling under flow conditions corresponding to Hach numbers
0.5 to 3.5.' Roerner ex:rapola:eé 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 projscted 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 Coloradoc State University
(CSU). The theoretical and expcrimental results of this investigation will be reported
in a scparate 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

D D3

CA=c¢c (CD Al + CD A2 +C A3) (25)
1 2
in which CD Ai ({ =1, 2, 3) are products of the projected areas correspending to the
cases in which the principal axes of the body are parallel to the vector ;; - -h, by
the respective static drag coefficienta. In Eq. 25, ¢ 18 a coefficient assumed to be
-+ 0.50 for planks, rods, pipa and poles and 0.33 for the automsbile,

An upper bound for the gquantity CDA is believed to be

(C)A) y.p, " CD1A1 (26)

in vhich CD Al is the largest of the quantitles CD Ai (1 =1, 2, 3).
The Reynolds number 1s defined as i .

vd
Re = n

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

(in the case of & cylinder, d = diamcter) and v = kinematic viscosity (v = 1.5 x 107>

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

m/s and n, respectively. For Re > 4 x 105. i.e., the Reynolds number 1is in the supercritical
range and it may therefore be assumea, conservatively, CD * 0,7 (see Ref. 8, p. 67), 1In

the case of the 1 inch (2.54 ctm) rod, it may ba zssumed t%at Re is in the suberitical

range even for velocities V of the order of 100 m/s and, therefore, that cD = 1.2 (Ref., 8).
1
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7. SPEEDS OF SELECTED POTENTIAL TORNADO-BORNE MISSILES

In this sectinn calculated speeds of selected potential tornado~borne missiles will

be given, based on the following assunptione:

(1) The model of the tornado vortex consisting of Eqa. S through 9 iz valid, with
the parameter values corresponding to cases 1, 2 and 3 of Table 1.

(2) The initial conditions are x{(0) = Rm' y(0) = 0, 2(0) = 40m (for comments on

the inicial condition z(0) = 40m, see p. 10 of this report); vHx(O) - VNY(O) - Vﬂz(o)
= 0. Assumptions (1) and (2) just described were used in calculating the values on
curves 1, 2 end 3 of Fig. 3.

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

The results of the calculations based on these assumptions are shown in Table 8.

The missile speedsa of Table 8 are bazed on a set of assumptionz which, while reasonable,
night in certsin cases not correctly reflect the actual physical phencmenon. It follows
from Sections 5 and & that the order of magnitude of uncertainties in the estirates
of maximum migsile speeds can in certain cases be as high as 502 or even more. Whether
or not actual missile speeds will be higher than those listed in Table 8 depeads dn
large measure on the extent ro which the tornado flow model consisting of Egqs. 5 through
9 (the so-called Rankine vortex) is realistic. In parcicular, if, as suggested in Ref.

10, the radial and vertical velocity components in a tornade 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 1s more closely represented by Eqs. 13 through 24 with certain unfavorable
values of the parameters included in these equations, then higher missile speeds than
thoss of Table B may occur, as shown in Tables 6 and 7.

The speeds of Table 8 may also be exceeded if unfavoragle 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. DIrobabilities of occurrence may be assigned
to each set of initial conditions. The probability that (a) the wind spzed will reach
the intensity levals of Table 1, (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 vﬂuax
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 scope of this work.
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Table §-~ Characteristics and Maxiwus Horizontal Speeds of Selected Hisslles

"\
2 2 Yornado (formado | Tormado
Dimensfons  [Weight (1b/ft)| Mass (kg/=) c"x cD2 Cn, CoA/v (Ee7/16) | CpA/m (w /xg Typel m’ezﬂ Type "
Wooden Plank 3 5/8" x 11 3/8" x| 8.2 o 11 12.2 to 16.3| 2.0 | 2.0 | 2.0 0.132 0.0270 272fps | 230fps | 190fps
12' .
0.092m x 0.239% x
560 (say, 9.6) (say 14.3) (83 n/s) [(70 n/s) (58 w/s)
6" Sch, 40 6.625" (dianm) x 18.97 28.18 n.7 2.0 0.0212 0.0043 171fps | 138£ps 13 ps
Pi e L}
’ (o%isge:smm 52 w/s) (42 u/s) [(10 w/s)
Automobile 16.4" x 6.6' x 4,000 1b 1.810 kg 2.0 | 2.0 }2.0 0.0343 0.007¢ 193€os | 170fps | L34fps
4.3° totsl weight (total wmass)
(5@ x 23 x 1.3u) (torat weten® (59 nls) A52 n/s) (A1 wfs)
1" Solfd Steel 11 (diam) x 3° 0.0190 0.0040 167¢ps | 131fps | 326fps
Rod (Llength) 2.67 4.0 1.2 2.0 | 1.2 .
. (O-OZS‘OI x 0.915!) (51 ‘I’). (40 I,B) (8 mls)
13.5" Ueiliey 13.5" (diam) <« 27.5 to 36.5 | 40.8 to 55.2 | 0.7 2.0 | 0.7 0.0254 0.0052 180fps | 157fps B85¢ps
Pole 35' (length) (say, 32) (say, 47.5)
(0.343 o x .
10.68n) (55 w/e)| (48 m/3) (26 m/s)
12;13ch 40 122,75 (d1am) x | 49.56 73.6 0.7 | 2.0 |0.7 0.016 0.00330 | 1séfps | 9ztps | 23fps
pe 15° (length
“"”"'(" "5553') % "‘1 (28 wls) (7 w/s)

%y = 161 m/s (360 mph) ~ see Table 1.

torn

b
to

v om " 134 m/a (300 aph) - see Table 1.

S o " 107 /s (240 mph) - see Table 1.

to

d See Ref. 17.




The uncertainties regarding the actual aerodynamic drag coefficients constitute
another source of error, It is noted that the curves in Fig. 3 are S-shaped. Large

errors in the assumed value of the quantity C A may therefore in certain cases result in

considerable changes of the estimated value of v:ex

40 pipe (entry 6 in Table 8) it was assunmed CDA/m = 0,0066 kglm2 instead of CDAIm = (0.0033
kg/mz, it follows from Fig. 3 that va‘x'- 40 m/e, rather than Vﬁ’x = 7 u/s, an in Table
8. 1t ia in:ereiiing to note, on tha other hand, that as long as a change in the assumed

For example, 1f, for a 12 in Sch.

value of CDAIn does not displace the point from the upper or froom the lower branch of an
S-phaped curve, the sensitivity of v;ax to even considerable changes in the value of CDA/n
is fairly small., For example, if for the 6 in Sch. 40 pipe (entry 2 in Table 8) it is assumed

that CDAlm = (0,0086, then, for a tcrnado type 1, vo3% . 61 m/s (see Fig. 3), whereas to

the assuxption CDA/m = 0.,0043 there corresponds VE *e 52 w/s, i.e., to an error ¢f 100X in

the value of CDAIn there corresponds an erxor of only 17X in the estimated value of v;ax.

Finally, it must be notad that the actual missiles may have properties that are
more unfavorable than thoze listed in Table 8; for example, the case is mentloned 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 wmissile and, therefore, the parameter
CDA/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 nust be recognized thaz:

. The prodlem of dé:eraining tornado-borne missile speeds has a probabilistic

character. As shown in the body of the report, unfavorable initial conditions nay

obtain--to which there correspond relatively low probabilities of occurrence--for
which the maxipun missile speeds would be higher thah.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 Qpeeds_a:e 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. powever, it 1s believed that the assumption used to derive the values

of Table 8 are conservative, 1In particular, it is believed that the actual vertical
wind speeds are lower than lndicated 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 estimete the apeeds of Table 8 are sufficiently conservative for purposes of

nuzlear power plant dasign. It is the writers! Judgement thaz, although higher values of

tornado-borne miesile gpeeds are conceivable, their probabilities of occurrence,

for any
given torneado strike, are low.
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APPENDIX A - EQUATIONS OF HMOTION

Al,1 Absolute and Translating Frames of Reference

Consider the absolute frame of reference 0 xyz (Fig. Al.l) end a frame 0z x'y'z
such that Ozi i3 perellel to” Olz. It is psoimed that the frame (l2 x'y'z translates with
respect to 01 xyz with a copatant velocity, the cozponents of which (in the (J1 xyz frame)

are (v,rx. v.ry. 0). The angle between Ozx' and le being denoted by ac.

v .
cog & = ____'11‘_.___:72 (Al.1)
(] (VZ + v2
Ix Ty
v
ain §_ = (A1.2)
c 2 2 ,1/2 .
(vrx + vw)

Al.2 Vectors of Pogition

Using the notsations of Fig. Al.l, the vectors of position of the particle P in the

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

Absolute frame (with origin 01)

R-xI+yJ+zf-rcoie'f+rnin63-+:'i (A1.3)
where .1', 3-. % are unit vectors along the axes le. Oly. Olz respectively.

Tranglating frame (with origin Dé)

B o= x'T + y' 3" ¢ 2% » ©'cos @' L' + r' ain 8’ 3' +zk (Al.4)

_where ¥, 3", ¥ are unit vectors along the axes 0x’, 0,5\ 0,2, respectively

Al.3 Transformations of Unit Vectors

}~3

The unit vectors ;. 3. X of the revolving frame of referonce (see Fig. Al.l) =2y
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be written in terms of the unit vectora of the translating frame Ozx'y'z and the angle

betwesn the lines 03P and 03::". vhere 03"“ is parallel to sz', as follows:

T « come 1"+ aine' 3

w -gin 6' ' + cos 8' 3’ (Al.5)

I3

]
]

The unit vectors 1', 3', k, of the translating frane 0, x'y’z may be written in
terms of the unit vectors of the absolute frame of referencs and of the angle ec [39
follows:

1 - coa&c i + ninacj

oL -
3 sin 8 1 + cos 8 3 (Al.6)

*

|
’

Al.4 Expression of Wind Velocity 4n an Absolute Frame of Reference

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

denoted ;u' end let its components along the vectors ?; ® and ¥ be denoted by Vor® Vo

and vm. respectively, i.e.,

- - - — .
Vo " Yur T + Ve [ vukk (Al.7a)

With respect to the absolute frame of reference, '\7“ may be written as

;-v.?-i-v-j--rvk .(A1.7b)

The componente Vox® Y and V,z 8tre obtained by substituting Eqs. Al,5 and Al.6 into

wy z

Zq- A.l.7l. 1000' in matrix fom.
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— y— = — o — - —
g [}

vwx cosz ac gin ec D cog § ~-gin @& 0 vm_

Vey |- sin 8, cos 8 D ain ¢ cos & O Ve (A1.8)

Vo 0 0 1 0 0 1 Yok

The total wind velocity ;w conaists of the sum of the vortex wind velocity and the

translating velocity of the vortex, i.s.,
V. e« v_. 1 4+ v ?-l»v"_k'—k. (r1.9)

wvhere

v = v ¢+ v (A1.10)

» V. are given by Eqa. Al.8. 1In Eqs. Al.10 and Al.é. the quantities

eand v _, v
wx' “w wz

y

Vi V'Iy' Vor' vua, Yok and Bc are specified.  The quantity ' is a function of time and

18 obtained from the relacioma

1
cos §' = X~

rI

pin 6' = Y- (A1.11)
r'

£t e (xr? 4 g12y1/2



in which x' and y' are datermined 2s explained-in the following.

Let the initial conditions of the problem be

£, £ initisl time . . e : R :
VoLt o

(xo, Yot zo) X cooggina:u of particle at tims £, in the.lbuoluta frane

(Vpxo® Vpya! Vpro) © Velocity components of particle st times t, in the
absclute frame

(:02'0. 70, 0) = poaition of 02 (origin of tha trml'ltt'in; frame) at time
t,» n the abrélute frane, o

At time t, the position vector of the origin O2 is
xoz - [x02° + Vo {t ~ to)] 1+ [yo20 + VT)’ (t - :o) 3} (AL.12)

8o that for any time t > t  we have

R'=R - 79, g . . (A1.13)
whare i-x?*-y?-l- :’}?. 1.e.,
r~ ' o o — —— s
R x xDZD + \,r_:{ (¢ ~ to)
Rt - y - y02° + va {t - to) . {A1.14)
i ter - i z:__J B 0 ' |
Since
xns'i'+yn.3-+:R.f-x'l-'-!-y'?'-&:"i (A1.15)

1t follows, using the inversa of the-transformation Al.6,

- ' — r -y g

x cor 6, ain 8, 0 T"R'

y! - ~8in 8 coa B O TR (A1.16)
- =’ o . O 0 1 - - !Pt o
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vBere x y, youi zp1, ate given by Eq, Al.14, The guantities x', y', 2', in Eq, Al,11, and
thus the quantity 6° in Eqs A1.10, Al.8 &ra expressed in terma of the coordinates of point

F with respect to the ebeolute frama, and of the quantities xoxn, yozn, Vg 'ty and t.,

v
.
The problexz of axpressing tha components in the &bsoluts frame of the wind velocity at paint

P (x, ¥, 2) in terms of ths vortax wind velocity ¢omponenta Vo

velocity coumponents Vox! vry. of the initial condftions and of the coordinates x, ¥, z of

Ve Vix® of the translation

the point P 1sg thus solved,

Al.5 Equations of Motion .

The aquations of motion may be vritten as

x
2|y (= W2 o Cphlvy gl vy, - 8K (A1.17)

vhare m = nass of particle, p = air density, CD » greg coofficient, A » area of the particle
. - ‘ - . —
VRer ” (va -x) 4 ¢ (vuy -3+ (v“' ~ 2) kX, and g = acceleration of gravity.

APPENDIX B - AMALYTIC SOLUTION TO THE EQUATIGHS OF HOTION FOR A UNIFORM WIND FIFLD.

In tha case of a uniform wind field 2n analytip solution of the equations of motion
of a particle may be obtained as shown herein, This solution was used to test the computer

program, in which the wind £4sld subroutine ves auitsbly modified. The folloving assuzptions

wera used:

1) The dnitial velocity af the particle ia zero

2) Tha motion occurs in the x ~ xz plana oaly

3) The wind velocity vector {s at all points parallel to the horizontal axis 0x and

has the constsnt magnitude Ve
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The equation of motion in the horizontal direction is

2
dx" o - dx,2 .
::2 a (v, dat (A2.1)
whera [}
aw=1/2 T Cphs or
a(Sx
_dt! 0= a dt + Cl . (A2.2)
(v, - $5° '
v dt

With the change of varisbles u = %— -V du = d %%. Bq A22 becomes

-

du
f:—z— -txt-}'Cl (A2.3)

1
- e w a ¢t + (Az.b)

-é-x— = - ——'——1 (u's)

Integrating Eq. A2.5, there follows

dt .
x-vvt-fm-}_cl-i» c2 (A2.6)

With the change of variables o t + cl = u, a dt = du, dt = -SP-. Bq. A2.6 becones

1 du .
x “'w“'nf-u + ¢, . (A2.7)

1
x= vt~ 5 1n (at +-Cl) +C (A2.8)

2

The constanta of integration are determined as follows:

Att-o.x-xo and%% » o0, i,e.,



1
xo--ulnc +C

172 (from Eq, A2.8) (A2.9)
. 0wy, - -é-x- (from Eq. A2.5) (A2.10)
Thus
¢ w L . (A2.11)
1 v !
w
c,»x -4 lnv (A2.12)
2 o a v .
and
x=x + vt - 31- iIn (e v"’t-l- 1) (A2,13)
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APPENDIX C

DOCUMENTATION,
AND
SAMPLE INPUT AND OUTPUT ’

OF COMPUTER PROGRAM
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TORNACO® A [N 1) o MAINSIEX (L]

AQIN>2AL LN

10

12
12
14
15
16
17
1A
19
20

ee
23
28
25
26
27
28
29
30
n
32
23
As
s

ar
38
39
40

42
A3
44
A%
4
A
4R
49
§o0
51
€2
53
54
-
56
59

NATIONAL BUREAU OF STANDAKDS
APPLIED MATHEMATICS DIVISION

TORWD]

A PCRTRAN APPLICATIOMS PHOGRAM TO STULY THF MUTIGMN OF AN OnJFCTY
UNDER THE INFLUENCE OF A TORKNADO WIND FiRuD.

MARTIN CORDES
APRIIL 1676

[ L L Y rpaupsgepnyey ¥ 3 L E L LR L L L L Ll el hod bl adadbabadi oot £ thaba bt aind ol

PURPOSF e
THIS FORTRAN PROGRAM [NTEGRATES IN TIME YHF FOLLOWING EQUATIGNS OF
MCTICN FOR A RIGID @QODY ACTED NN RY A DRAG FDRCE IN A
GRAVITAT {CHAL FIELD.
D¢32({PX) / DT*e? = ALPHA = VRX

Les2(PY) / DT#82 = ALPHA & VRY
Des2(P2) / DT»e2 u ALFHA % VRL - G
AND

ALPHA = CD ® A % RHO = VR / 2 .

FERE
Des2(X) / OTas2 IS THE SECOND OERJVATIVE OF X wlTH RESPECT
7O TIME.
PX ARE YTHE X» Y» I COORDINATLS OF THE
PY PARTICLE AS A FUNCTION OF TIMKF [N THC
P2 ABSDLUTE FRANMNE,
VA X ARE THE X» Ys Z CUMFECNENYS DF THE RELATIVE
.VR‘ VELOCITY UF THE WIND ®[TH RESPECT TQ A
VR2 STATIONARY PARTICLE IN THR ABSOLUTE FRAME.
G 1S THE MAGNITUDE OF GRAVITY.
(o] IS THE DRAG CORFFICIENT.
A IS THE AREA ASSQCIATED wlTH THE 800Ye.
KHO 1S THE DENSITY OF AlR.
YR 1S SORTIVRX &2 2 ¢ VRY #8 2 + VRZ #% 2).

TH]S SYSTFM CF THREE.s SECOND QRDER EQUATIONS IS CONVERTED TO A
SYSTEM OF SlXy, FIRSY ORADEHR EQUATIONS RY A STANDARD TECHNIQUE.
THE EQUIVALENT FIRST OROER SYSTFM 1S INTEGRATED AY THE ©OC

NNOANOANABRANNNRANAANAADARBANDANAAAADARANNANNANDADANONDODO N
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O DD ADDANNNAND NN ANDANANDANANAODADNADDOANANDNANAN

PROGRAM STRUCTURE .

SOLVER, .

THE COMPONENTS OF THE PARTICLE VELOCITY AND THE WIND YELACITY APE
wITH RESPUCT TO AN aAHSOLUTE FRAME, THE ¥IND VELNCITY IN THE
ARSOLUTE FRAVEF 1§ THE SUM DOF THE MIND VELOCITY FROM A STATIONARY
TORMADO VORTEX AND THE TRANSLATION VELOCITY OF THE TORNADC VORTEX,

INITIAL CONDI YIQONS.

AT TIME = YO THF X+ ¥, 2 COORDINATES AND VELNCITY COMPONENTS
OF YHE PARTICLE ARE SPCCIFIEDs TN ADDITICN, THE X+ Y
COORDINATES OF THE ORIGIN OF THE TRANSLATING FRAME WHICH THE
TURNADO IS STATIONARY IN ARE SPECIFIED.

CONDITIONS INDEPENDENT OF TINE,

THE Xs Y VELOCITY COMPONENTS OF THE TRAQSLATING FRAME ARE
CONSTANT, N

FOR FURTHELR DETAILSE CONSULTY REFERENCE 2),

APPLICABILITY ANC RESTRICT IONS .

THLIS PROGRAM 1S [INTENUED FOR WORK THAY REQUIRES MODERATE ACCURACY
AND MDDERATE TIME PERIDDS OF INTEGRAT 10N,

THE CURRENT VERSION PRONUCES PLDTS OF AT MOST 1031 DATA POINTS. THE
DATA 1S FROM THE TAHULAR RESULTS GENERATED AT THE FIRST 10f1 PRINT
STEPS. TO PREVENT A TRUNCATED PLOT FRUM REING GENERATED RE SURE
THAT TIMEIT AND FXTMIT SATISFY TIMEIT JLT. 100 #» FXTMIT. HLRE
TIMEIT IS THE TIME INTERVAL OF INTEGRATION AND FXTMIT [S THE TIME
INTFRYA. BETWEEN SUCCESSIVE PRINT STEPS,

.

SURPROGRAM DIRECTORY

COMMENT ADDITIONAL SURPROGRAMS OTHER THAN FORTRAN INSTRINSIC
. FUNCTIONS AND FORTRAN RASIC EXTERNAL FUNCTIQONS
NECESSARY FOR THE EXRECUTION OF THIS MAIN PRDGRAM ARE
LISTED BELUW [N ALPHARETICAL ORDERe. EACH IS
ACCOMPANIED BY A SHURT FUNCTIONAL DESCRIPTION.

DFUN THIS SUBRDUT INE COMPUTES THE RIGHT MAND SIDE OF THE
FIRST ORDER GDE SYSTEM, DY 1S THE LOCAL NAME DF DFUN
IN VOADAM.

DRAG (USER SUPPLTEDW) THIS SUBROUTLIME COMPUTES THE DRAG

COEFFICIENT,.
INPUT THIS SUBROUYINE READ: IN DR CONTROLS }HE READING IN OF
ALL RELEVANT DATA AND PARAMETERS EXCEPT THE PARAMETERS
REQUIRED By YHE ODE SOLVER AND ¥HICH AFFECT OUTPUT.
cRTPUTY THIS SUBROU}INE READS IN PARAMETERS THAT CONTROL WHICH
PLOTS ARE TO EE PRODUCED AND SUPERVISES THE PRODUCT (ON
AF ALL 0OUTPUT,
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11¢
117
1iR
119
120
121
122
1213
12a
125
126
127
129
129
120
131
132
131
134
135
136
137
138
13q
140
lal
142
143
a4
145
148
147
148
149
150
181
152
152
154
t5¢&
156
157
158
1€9
160
161
162
163
1648
165
1¢®
167
168
169
1?70
1?71
172
173

DO AN NORANANDANDDANAANANODNAOANANDODNANNDADNANAONAGDNANNANNADN

PLaOY

VCRwDF

YRIGFS

VCADAM

THIS SUHROUTIME PRODUCES A UNE PAGE PRINTER PLUT,

(USER SUPPL IEDs) THIS SUBHOUTINF CUMPUTES THE QANTAL.
ANGULARs AND 2 COMPONCAYS (iF THE wWIND AT THE PARTICLF
AS MEASURED IN THE TRANSLATING FRAME,

THIS SLODROLDUTINR COMPUTFS THE COSINE AND SINF O+ THE
AASE ANGLE OF A RIGHT TRIANGLE alTH RASE AND VERTICAL
ST0E GIVEN,

Thfs SUAROUT INE IS THE QOF SOLVER. CACH CALL DCES ONE
INTEGRATION STEP.

LXECLYION TREE,

CONKENT

LEYEL

1{RAIN

PROGRAM 170
INPUT.
ROUT IN
RAIN

INFPUT

THE EXECUTION TREF (S A STRUCTURE THAT DESCRIBES THE

SUBPROGRAM INTERACTION DURING £XECUTION. YHF TREE IS

COMPOSED OF A NUMAFR UF LEVELS, FACH LEVEL IS CcCMPOSED

OF ONE OR MORE BLHOCKS. A BLOCK IS COMPOSEN OF A

CONTLGUQUS SET OF TREE FLEMENTS. EACH TRFE ELEMENT

HAS THE FCORM ’
NUMALT (NAME, NUNMY2)

WHERE

NUMA |} IS THE NUMRER (OF THE FLEMENT IN THE
CURRENTY LEVEL.

MAME IS THE NAME OF THF SUYPROGRAM ASSUCIATED
WITH THAT ELEMENT,

NUMB2 1S THE NUMAER OF -THE FIRST ELLEMENT OF
THE BLOCK AT THE NEXT GREATER LEFVEL WHICH
CONTAINS ALL SURPRDGRAMS CALLFD DY
SUBRPRROGRAM NAME, IF NUMH2 1S ZERD THEN
SURPROGRAM NAME CALLS NO SURPROUGRAMS .

0 LEVFEL ) LEVRL 2 LEVEL 3

1) 1CINPUT » 1D 1L TORWDF, 0) 1¢{ YORHDF» ©)
2(VUADAH, 43 2{DRAG , 0) 2(DRAG .+ 0)
3{0UTPUT, 5) J(TRIGFSy 0) 3(TRIGFS, 0)

a{DFUN , 1)

SUTORWDF, 0}
AS{CRAG + 0)
T{TRIGFS, 0}
s(FLOT , )

Ee LOGICAL UNITI(S). EXECUTION TREE ELEMENT.,
5 LEVEL 0. ELFMENT
€ LEVEL 1. FLEMFNY
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174 c

178 c OUTPUT 8 LEVEL 1, FLENENTY 1
176 C '

177 C TORWOF s LEVLL 2+ FLENENT 1
178 C .

179 [ DHAG -] LEVEL 2, ELEMENT 2
t80 C .

181 C OUTPUT,

1AQ C )

182 [+ ROUT INEW LOGICAL UNITI{S V. UXECUTION TREER ELEMENT,.
104 C

1A% o MA N 6 LEVEL O FLEMENT 1
184 c

1847 C OQUTPUT & LEVEL 1 ELEMENT |
1€&8 C

186 c TCRWDF 6 LEVEL 2. ELENENT §
190 C

191 c DRAG & LEVEL 2, ELEMENTY 6
12 Cc

193 C PLOY [ LEVEFL 2 ELEMENT 8
18a c .

163 C PROGRAMN USAGE (L INPUT) .

196 c

197 C DATA GROUPINGS.

198 [ of

199 C GROUR s

00 C

241 C SURGROUP tele TORNADLl WIND FIELD PARAMETER CARD(S)a
202 c

203 o CARD, VARIABLE L1ST. F ORNAT .
204 c .

205 c SEE SUBROUTINE TORWDF FCOR THE EXACT SCGY OF PARAMETERS
206 [ TO READ tN AND THLEIR F(IRMAT.

207 [ o ' .

208 o SUBGRDUP 1:2¢ ODRAG COEFFICIENT PAPAMETER CARO(S).

2049 C

210 C STE SUBRDUTIMNE DRAG FOR THE EXACT SEY QF PARANETERS TO
Z311 C REAL 1IN AND THEIFR FORMAT.

212 c

213 C GROUP 2.

£14 C

215 c SURGRDUP 2s1» PARTICLE PARAMETER CARD,

218 c

217 (o CARD, VARIABLE LIST, FORMAT »
2186 C

219 C 1 AREA, MASS 201240
220 Cc .
221 C VARITABLE DEFINITION TAHLFE (GROU 2},

222 [ o

223 c AREA ARE THE ARFA» MASS LF THE PARTICLE.

224 C MASS

228 c

224 C GROUP 3.

227 C

22¢ C SUBGROUP 3Js1e INITIAL CONDITION CARNDSe

229 (o

230 [+ CARD. VARIABLE LIST. FORMAT o
23} <
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232
233
234
235
23¢&
217
238
239
240
241
242
243
244
245
246
247
248
49
250
251
2%2
253
254
25%
2%¢
257
258
259
260
z61
262
263
2€4
265
2¢E
287
268
266G
270
271
272
2723
274
275
27¢
277
278
279
280
281
282
283
284
285
286
287
2p8
289

fanNnNNANNAANANOANAAABARADDANANNAARNDABANDAADADAADNNNAANNNOONADN

2

XP0y YPOe ZPOe« VXPOs VYPO. VZIPO 4FR12 .0

XOTF s YOTF o VYXIF, VYTF, TU SEI240

SUBGHOUP 3.2+ FINAL CONDITION CARD,.

3

TIMEITY £12.0

SURGRDUP 3«7+ ODE SULVFR PARAMEYER CARD.

3

.

Hl:s FXTHITe. FEPSI 3E312.0

SUBGROUP 3.4+ PLUOT AND VALIDATION PRAMETNR CARDe.

s

WTPTZYe WTPTYXy WTPYZXe WIPTXT 12
WTPISXs WIPTHT» wWTIVALD

VARTAULE OEF TNITICN TABLE (GRCUP 3.

XP0
YPO
2P0
VvxPO
vYP o
YyZPO

XOTF
YOTF
VXTF
VYTF
TO
TIMELY

=l

FXTMIT

EPS!

ARE THE INITIAL Xo Ys 2 CCLORDINAYES AF THF

PARTICLE. .

ARE THE INITIAL X Ye Z VELOCLITY COMPONENTS OF
THE PARTICLE.

"ARE THE INITIAL Xy Y COURDINATES OF THE ORIGIN

OF THE TRANSLATI{NG FRAME skHICH THE TNRNADD (S
STATICNARY [N.

ARE TFE CONSTANT X+ Y VELOCITY COMPUNENTS OoF THF
TRANSLATING FRAME,

18 TrE INITIAL T IME.
{S THE INTERVAL OF [MHTEGRATIONM,

{S THE INITIAL TIME STEP. A GDUD VALUE TC USE
IS 1+0E~-a

CUNSTRAINS THE ODE SOLVER TO FRODUCE RESLLTS FOR
PRINT ING AT EQUALLY SPACED TIME [NTERVALS OF
THIS S1ZE. :

IS THE LNCAL ERRUR TOLERANCE USFD BY THE 0D
SOLVFRs A GOOD VALUF YO USE S 1.0E=4,

THE NEXT 6 VARTAHBLES ARE FLAGS FOR PROQDUCING PLOTS. IF
A FLAG IS SET TO 1 THE CORRESPCNOING PLUT IS PRODUCED.
OTHERWISE+ THE PLOY IS NOT PRDDUCED,

wIPYZY

wWTPTYX

wYPTZX

1S THE FLAG FOR A PLOT CF 2 VERSES Y.
IS THE FLAG FDR A PLOT OF Y VERSES X,

{S THE FLAG FOR A PLOT OF Z VERSES X,
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290
9
92
292
294
298
2s¢
207
2986
299
300
ol
202
303
30a
08
20¢
07
g8
209
310
LR IBY
a2z
313
314
s
Ne
317
s
319
320
az1
22
323
224
az2s
226
az7
3128
3129
azo
LXF!
232
223
a3a
3as
23e
237
a3p
aig
340
24y
2a2
341
344
LTY-
346
387

OAOONDANROPNADNADANDNOANANANANDONNAARNANANDANDIONADADNADAINDNNONANDOO

wWYPTXT

WIPTEX

WIPTHT

WTVALD

IS THE FLAG FOR A PLOT OF X VEHSRS TIME.
1S THE FLAG FOR A PLOT OF SPEED VERSES X.

1S THE FLAG FUR A FLCT OF HCRIZONTAL SPFED

VFRSES TIME,

IS A FLAG WHICH IF SET TN | CAUSES VALIDATICN

INFURMAT {ON TO DBE HHINTED IN ADDITION TO THE
LLLAL DUTPUT AT FACH PRINT STEP. DTHERWISE.

NO E XYRA

DECK STRUCYURE's

COMMENT

INDEX »

>

EXAMPLE .

CUTPUTYT IS GENERATED,

WHAT FCLLOWS FACH INDEX NUMHBER BELOW MUST START A NEW

CARD,

CARDS »
GROUP 1.
GRCUP 2,
GROUP 3.

SEMTINEL .

. FORMAT
SEE ABOVE.
SEE ABOVE.
- SEE AHDVE.

12

STLOOP (FIRST USE).

sSTLOUP

SENT INEL.

‘1S AN INTEGER VARIAHLE SEY To A
SENTIMNFL VALUE. IF STLOOP IS { THEN THE
CARDS THAT FoLLuw ARE ORBTAINED BY
RFCURSTVFLY STARTING AT INDEX Q.
OTHERXJ SE, THE NEXT SFENTINEL CARD IS
READ,

12

STLOOP (SECONC USE).

sTLaaopP

SENTINEL.

IS AN INTEGER VARIABLE SEYT TO A
SENTINEL VALUE. IF STLOOP IS 1| THEN THE
CARDS THAT FOLLOW ARE DRTAINELD BY
RECURSIVELY STARTING AT INDEX 2,
OTHERWI SE+ THE NEXT SENTINFL CARD (S
READ.

[ &

STLCOP (THIRD USE).

5TLOOP

1S AN INTEGER VARIABLFE SET YO A
SENTINFL VALUE, IF STLOUP IS 1 THEN THE
_CARDS THAT FOLLOW ARE DBTAINED 8Y
RECUSRIVELY STARTING AV INOEX {a
QOTHERWISE, THE RUN IS5 COMPLETED
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AR
J4g
Jso
2E1
352
as3
354
h1-3-
38¢
387
kLY
ane
380
2r1
Je 2
363
254
A8
A6
&7
368
269
aro
ars
A72
373
374
37%
J7¢&
3717
378
379
Jao
3el
382
a3l
J8a
8%
386
387
388
Jye
290
391
292
202
394
3ot
396
397
age
399
400
401
A02
AQ2
404
405

NONADANOADANDANANNANDANDNADANANANNDDADAND NN

100
c
c
C 500
C
C
(o
c
c 1000
c
c
(o
c
o
C
C
Cc
C

o]
o
[v]

]

GROUP | CARD(S) .
GROUP 2 CAFRD,
GROUP 3 CARDS.

GROUP 3 CARDS.

GROUP 2 CARD,
GROWVP 3 CARDS,

GROUP 1 CARD(S) .
GROUP 2 CARD.
GROUP 3 CARDS.,

STRUCTURE OF USER SUPPL LED SUBPRUGRAMS »

THE DEFINITION OF THE CALLING PARANETEHS USFD IN USER SUPPLIED
SUBRCUTINES TORWCF AND DRAG CAN RE ORTAINEN FROM THE CURRENTLY
SUPPL IFD VERSIONS OF THESE ROUTINFS,

P, P G D D e R D 00 TR TR S 40 S D U R R S G S S L e SR G W Gy S EE G GR 00 TN Gh R WP P G5 G0 WS BN FT G VD OR OF Un GREE G0 Sb OB S0 G S P OD G e OO @v G s @ B

SUBROUT INE TDRWDF {RPTF, COSPTF, S5INPTF, ZPTFs VRWIFs VAWTF,
VZwTF+ WHICHG)

DECLARATICNS.
GO TO (100, S00s 1000)s WHICHG

SECTION FOR REAUING IN PARAMETERS T0O BE USED IN THIS
SUBROUTINE.

RETURN

SECTION FOR COMPUTING THE VELOCITY COMPONENTS OF THE
TORNADD WIND FILELD.,

RETURN

SECTION FOR PRINTING ANY RFLEVANT PARAMETERS USED IN THF
CCMPUTATLON,

RETURN
END

- s G @ TS D e s N En W R E T G P D G R W SN P G0 e G B D TR T T e G O G5 N e I G G SR G G G TGS W e T G G O G G G D G e W S W my .

SUBROUTINE DRAGIPARMTS, DRAGCF, wHICHG)
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409
\07
08
409
&30
atl
a2
TS |
Ala
415
AalhH
AT
ALR
419
420
421
422
423
A24
a2%
426
.27
az2e
A2q
20
431
432
433
434
[ = 1]
A3k
437
438
439
440
aay
442
443
YV
'YL
ad 6
447
448
a4g
450
451
aA52
453
ASAa
455
Ly
AS5?
ASH
A5G
460
AG1t
46?2
Y]

DECLLRATICHNS o

GU TO (100« 560. 100D)+ #HICMG

100 SECTICN FGR MEADING IN FARAMFTEHRS 1O BE USED IN This
SUBRCUTINF.

RETURN
500 SECTION FOR CUMPUTING THE ORAG COEFFICIENT,

RF TURN

1000 SECTICN FOR PRINT ING ANY RELFVANT PARAMETERS USED IN THF

COMPUTAT! ON.

HE TURN
END

O G G5 W W en SR S D N W R W Gy o Gn fm e e D G L T e Ee G v P G S e B v G W D e e Y % T S R G S GRS e G G G G A B R T b B G ) e G R e

OndDDNNAANANONNDOANADBNNNRNNDANANCANBANNAADANNAAANDRNADANNNNANNAN

FRCGRANM USAGE (QUTRUT).

LAYCUY OF QUTPUT.,

THE PROGRAM OUTPRUT IS DROKEN INYO 4 SECTICNS,
SECTICN le¢ FRODLEM DESCRIPTION,.
T+E FCLLOWING DESCRIPT [VE INFNRMATION IS PRINTED.
wWIND VELNCITY PARAMETERS,
ALL THE PARAMETERS WHICH ARE [NPUTED FOR COMPUTED THE

TOHNADO WIND FIELD ARE FRINTEDe THE NUMBER, NAMES. AND
MEANING OF THE PARAMETERS ARE ODETERMINED 8Y THE USER.

DRAG CNEFFICIFNT PARAMETERS, '
ALL THE PARAMETERS WHICKE ARL [NPUTED FOR COMPUTING THE
NRAG COEFFICIENT ARE PRINTFND, THE NUMBFERs NANES, AND
MEANING OF THE PARAMETFFS ARE NETERMINED BY THE USER.

PARTICLE PARAMETERS.
SELF-FXPLANATORY. FROM INPUT,

INLTIAL CCNDITIONS (TORNAND WIND FIELD),
SELF-EXPLANATORY « FROM INPUT,.

INITIAL CONDITIONS (PARTICLE),
SELF<EXPLANATDHY. FROM INPUT,

SECTION 2« TABULAR RESULTS,

FIRSTs THE INITIAL TIMF ANE THF TIME INTERVAL FOR QUTPUT ARE
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AhRA
LY 3
ace
AGT7
468
AAhS
470
a7
aT2
a7
a47a
aTs
are
a??
478
479
ano
4R
AR2
AR
apa
aA8%
ARL
ap?
aRg
4839
490
49}
492
493
aGa
aQs5
496
ag?
A9 E
499
%00
501
Ep2
£03
204
505
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PRINTED. NEXTs 13 COLUMNS OF UUTPUT ARF GFNERATED. EACH LINE
COKRESPONDS TO A SINGLE PRINT STEP. THE MEANING OF EACH
COLUMN IS AS FCLLOWS,

NSTPR 1S THE INTEGRATION STEP NUMBER REACHED AT TIME
Ts

T 1S THE SIMULATED TIHE AT WHICH OUTPUT 1S
GENERATED,

Xp ARE THE Xs Yo 2 CCORDINATES OF THE PARTICAL 1IN

Yp THE ADSOLUTE FRAME AT TIME Te

7P

RI{XY) 1S SQRT(XP #2 2 & YP e 2),

vXp ARE THE Xy Ys Z CCFPONENTS OF THE PART ICLE

vYyp VELOCIYY IN THE ARSOLUTE FRAME AY TIME T,

vze

HSPEED IS SORTI(VXP »¢ 2 ¢ VYP #an 2}
SPEED IS SORT(VXP %3 2 &« VYP as 2 4+ VZIP =& 23)

HWSPRLFED 1S THE HORIZDNTAL SPFED OF THE TORNAND W IND AT
THE PARTICLE IN THF ABSOLUTE FRAME.

RTFIXY) IS THF HORIZONTAL DISTANCE OF THE PARTICLE FROM
YHE ORIGIN OF THE.TRANSLATING FRAME,

IF wWTVALD = 1 THEN ADDITIONAL OUTPUT 1S GENERATED AT EACH
PRINT STEP. SEE THE VALIDATICN SFCTION FOR THE MEANING Of
THIS ADDITIONAL OUTPUT.

SECTION 3. PROBLEM TERMINATION.

FIRSTe THE REASON FUOR TCRMINATION IS PRINTED. IT CAMN BE FOR
ONE OF THREE HEASONS.,

1) THE FINAL TIME HAS DEFN REACHED,

2) THE PARTICLE *»IT TrE GRCUND,

1) THE ODC SOLVER FAILED PREMATURFLY,
NEXTe RESW TS RELEVANT TO THE ®HOLF RULN ARE PRINTED, EACH IS
CURRENTLY TAXEN TO BE THE MAX IMUM [N ABSOLUTF VALUE DVER
VALUES GENERATED AT THE PRIMNT STEPS. ThHEY HAVE THE FOLLOWING
ME ANING.

MAXVXP ARE TFHE MAXIMUM X, Ye¢ 2 COMPONENTS IN ABSOLUTE

MAXVYP VALUE OF THE PARTJCLE VELUCITY IN THE ABSOLUTE

MAXVZP FRAME,

KA XMVP IS5 THE MNAXIMUM SPEED OF YHE PARTICLE IN THE
ABSQLUTE FRAME.

SFCTION 4, PLDTS,
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528
825
s30
531
s32
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538
s3¢
€37
s3e
536
540
€4y
€42
242
£a4
242
sae
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se8
a9
s50
551
€52
£52
tsa
s
.56
€57
ss8
59
560
K61
562
se3
564
££5
S66
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£72
=73
£7a
574
576
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57%
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ZFRO OR HORF PLOTS ARE PHODUCFED ONE PER PAGE., THE ORDIAATE
AND AHSCISSA LABELS CAN 8¢ FCUND CEMTERED BELOW THE GRAPH,
THE PLOTTING CHARACTER 15 THEC LFTTER X¢ AS NUTED IN THE
SECT (ONy APPLICABILITY AND RESTHICT{UNSy AT MOST {0l DATA
‘POINTS ARE PLOTTED. :

ERHCR HANDL ING.

INPUT CHECKING.

THE FOLLOWING VARIABLES ARE CHECKED FOR VALINDITY IN THE MAIN

PROGRAMs LF AT LEAST ONE S [NVALIODO AN CRROR KESSAGE IS PRINTED
AND TYHFY ARFE ALL RESEFTY TO DEFAULT VALUES.: THE DFRFAULY VALUES:- -
CAN BE FDUND IN THE SECTICNs MACHINE/SYSTEM DEPENDFNT FEATURES.

AT THE START OF THE EXECUTABLE CCDE IN THIS MAIN PROGRANM.

HE 1S THE INITIAL STEP. IT MUST BE POSITIVE AND LESS
THAN FXTMIT.

FXTMIT ' 1S THE TIME INTERVAL USF FOR DUTFUT. IT MUST BE
POSITIVE.

PROGRAM DETECTABLF ERRORS.

AFTER EACH INTEGRATICN STEP THE VARIABLE IFR 1S CHECKED. 1F

ITS VALUE INDICATES THAT THE LASTY STEP FAILED THEN INTEGRATION
TERMINATES PREMATURELY, THE REST OF THF OUTPUT 1S GENERATED

AS LSUAL Wl TH THE ERRCR CODE PRIANTED FOR THE REASON. THE DUTPUTY
wWILL REFLECT ONLY RESWLTS GENERATED UP YC THE TIME QF THE
FRROR.

DISCUSS [ON OF METHOD AND ALGORITHM,.

.

THE PROBLEM TO BE SOLVED 1S A NUMERICAL INITIAL VALUE FPRCALEM IN
ORDINARY DIFFERENTIAL EQUATIONSs SIXs FIRST CRDRER, ORDINARY
OIFFERENTIAM. EFOUAT IONS, REPRESFNTING THE EQUATIONS OF MOTION. ARE
INTEGRATED FROM SDNE INITIAL TIME WITH SPECIFIED INITIAL
CONDITIONS TO SOME LATER TIME WHICH SATISFIES SOME TERNMIAATION
CCNO{TIDAN.

THE OOE SOL.VER. VOADAM, IS BASED ON THF VARIABLE ORDERe VARIABLE
STEP ADANS CDCE DESIGNECD AND IMPLEMENTATED BY Ce We GEAR IN
REFERENCE 1)+ SINCE THCE SYSTEM OF NDES TO BE SOLVED IS HCN-STIFF
ALL PARAMETERS AND CALLS TD SUBROUT INES REOQUIRED FOR SNLVING
STIFF SYSTEMS HAVE AEEN DELETED.

CN EACH CALL TO VOADAM THE DDE SOLVER 1S ASKED TN INTEGRATE THE
SYSTEM OF DDES OVER A STEP OF LENGTH He THE VALUE OF b ARISES FROM
GNE OF TWO SDURCES.

1) THE VALUE OF H RETURNED 8Y THE PREVIDUS CALL OF VDADAM,

2) THE VALUE CF H SPECIFLED By CALLER INTERACT [ON.
SOURCE 2) 1S USED ONLY FOKR THF INITIAL STYEP AND WHEN THE STEP

IS MODIFIED SC THAY IT FALLS ON A MWL TIPLE OF THE FIXED TIME
INTFRVAL USED FCR PRINTING: OTHFERWISE, SODURCE () 1S USED SO AS TO
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ACHIEVE AN ECCACMICAL INTEGRAT ION.

THE INPUY VALUE OF H IS USED UNLESS THE FRRCR CRITERIA CANNDT RF
METs IN THIS CASE THE STEP AND/CR ORNER AKRE MOCIFIED TO YRY YO
MEET THC FRROR CRITERIA. IF AN ATTEVPT (S MADE TN REDUCE THE STEP
BFLOW A CALLER SUPPLIFD VALUEs FMIN« THL (OOE SOLVER QUITS AND
RETURNS THE APPROPRIATF AONITERO ERFCR CONDITION CODE.

ONZF A SUCCESSFUL STEP WAS HEEN TAKEN, VOADAM ESTIMATES AND
RETURNS A GCQO VALUE OF h TO HE USED FOR THE NEXT SYEPe FHIS
ESTIMATED STEF CANNUT RE GRECATFR THAN A CALLER SUPPLITIED VALUE,
HMAX

FOR MORE DETAILS ON VOADAM CONSULT THE MACHINE READABLE
DOCUMENTATICN AT THE REGINNING OF THE SUBROUTINE.

VALIDATICh,

THE PROGRAM FRCVIDES THE USER 8Y wAY DF THE WTVALD INPUT VARITAMLE
THE CAPABILITY OF PRINTING I MPORTANY INVERMEDIATE QUANTITIES.
THESE QUANTITIES ARF PRINTED AS ADODIT [ONAL OUTPUT AT THE NORMAL
PRINTING STEPS. THE AMOUNT OF OUTPUT PER PRINT STEP INCREASES FROM
ONF LINE TO SEVEN LINES. TO INTERPRET THE MEANING OF THE VAR[ABLES
PRINTFO CONSULT THE TAUOLE BELOW ACCOMPANITDO &Y APPENDIX A OF
REFTCRENCE 21}.

RTIF 1S THE CYLINDRICAL RADIUS OF THE ORIGIN OF THE
TRANSL.ATING FRAME FROM THF ORIGIN OF TYHE ARSOLUTE
FRAME o

CUSTF ARE THE COSINE, SIME OF THE ANGLE THAT THE DIRECTION

SINTF CF TRANSLAT ICN MAKES WITH THE X AXIS OF THE ABSOLUTE
FRAME »

PRYF IS THE CYLINDRICAL RADJUS DF THL PARTICLE FHOM THFE

DRIGIN OF THE TRANSLATING FRAME,

FCUSTF ARE THE COSINZs SINE OF THE ANGLE THAT THE CYLINDRTICAL
PSINTF RADIUS YO THE PARTICLE MAKES wliTH THF X AX1S OF THE
TRANSLATING FRAME, .

wRTF ARE THE RADIALs ANGULAR, AND Z CCMPDNENTS OF THE WIND
WANGTF VFLOCITY AT THE PARTICLE USING THF REVOLVING FRAME.
“W2TF

wXTF ARE THE Xs» Y COMPONENTS OF THE &IND VELOCITY AT THE
wYTF PARTICLE USING THE TRANSLATING FRAME.

wWXAF ARE THE X+ Ye Z COMPONENTS OF TFE WIND VELOCITY AT THE
wWYAF PARTICLE USING THE ADSCLUTE FRAME.

WZAF

HVXPAF ARE THE Xe Yo Z COMPONERNTYS OF VFE RELATIVE VELOCITY OF
RVYP AF THE PARTECLE WITH RESPECT TO THE WIND USING THE
RVIPAF ABSOLUTE FRAME, .

PORTABILLITY,
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LANGUAGE o

HFLL VERIFIER FCRTYRAMN,

PHRECISION,.

SINGLE.

RESTRICT IONS

THIS PHOGRAM #AS DESIGNED TO RUN CURRFCTLY wITH A MINIMNUM CF
MODIF [CAT {ON ON MACHINES WHICH hAVLL A SINGLE PRECISION
FLOATING POINT WORD WITH A MANT[SSA IN THE RANGE OF 24 THROUGH
AB EITS.

ALL INPUT 1S FROM FORTRAN FORMATTEC CARD IMAGES AND 1S READ
FROM LOGICAL UNIT 5.

ALL OQUTPUT IS FORTRAN FORMAT GENERATED AND IS WRITTEN TC
LOGICAL UNIT 6« THE INTENCED DOFVICE IS A LINE PRINTER SET 7O
AT LEAST A 132 CHARACTERS PER LINE AND AT LEAST 60 L INES PER
PAGE.,

FUOR FURTHER DETAILS S5EE THC SECTION, MACKHINE/SYSTEM OEPENDENT
FEATURES,, AT THE AFGINNING OF THE EXECUTABLE CODFE IN THIS MNAIN
FPRUGRAM AND ALL SUBPROGRAMS LISTFD IN THE SUBRPROGRAM NDIRECTORY.

CCOE RESPCASIBILITY,

MARTIN CORDES

APPLIED MATHEMATICS DIVISICN *
MNAT IONAL BUREAU OF STANDARDS

WASHINGTON DeCe 20234

(301) 9Z1=-263%

HISTORY .

ORIGINAL VERSION.

VAY 197S

REVISED VERSICA{S) .

AUG 157S
APR 1976

REFERENCES .

1) Ce We GEARy NUKERICAL INITIAL VALUF PROBLEMS IN ORDINMAFRY
DIFFERENT AL EQUAT IONSe PRENTICE-HALL, 1971, 253P.

2) €4 STHIUVU AND Ne. CORDES, TORNANO -~ BORNE MISSILE SPEEDS,
NBS INTERAGEMNCY REPORT .
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TORNAOC®W INC{ 1) TCRWOFSFX(0)

3D IO MmP WY -

SUBRCUTIAF TCRMDFURPTYF s COSPTFeSEINPTF ¢ LPTF e VRAWTE s VANTF s VIRTF,

[ WHICHG)
c .
C THIS SUBRGUTIAE CAMPUTES THE TCRNADOQ wIND VELOCITY COMPUNFNTS
c
c DEFINITICN OF PARAMETERS «
c RPTF +COSPTF«SINPTFZPTF = RADIAL CCCRODINATE, COSINFE AND SINE OF
c THC ANGLE s AND Z CCCRDINATE OF THE
[« - PARYT TCLE wilTH RESPECT TO YHE CYLINDRICAL
c " COORDINATF SYSTFM DEF INED AS TFE
c TRANSLATING FRAME
o VRRTF s VAWTF ,VIWTF 2 RADIAL, ANGUL.AR:s AND Z COMPONFNTS OF 1ﬂ§
Lod «1 ND A? THE PARTICLE AS MEASURED IN THE
c ’ THRANSLATING FRAME
(of WHICHG = § = RFAD IN WIND VELOCITY PARANETERS
Cc 2 - COMPUTE WIND VFLOCITY CCMPONENTS
Cc 3 - PRINT WIND VELOCITY PARANRTERS
Cc
c PARAMETER CECLARATIUNS.
c
REAL RPTF . COSPTFsS INPTF o Z2PTE s VRRTFE s VAWTF (VI RTF
INTEGER wHICHG
Cc
c CTHER COMMUN VARLADLES.
c .
REAL RMTVZIOD «MTV K | KR2sKIFeXB K5
c
COMMON /TWDFDR/RMTVLZOIMTV K] yK2 K3 KA, K5
c
Cc LOCAL VARI ABLE ODECLARATICAS.
C
KE AL RMTVZ,R33Z.RAT IO
INTEGER [D,0D
Cc
Crmmmcan cn omomme o oo o0 men oo o G = oo G S S G e e T G5 00 A A e A O e
[
C MACHINE/SYSTEM CEPENUDENT FEATURES.
c
(o DEFINITION DF J/70 UNITS USED IN THIS SURROUTINE.
C
(of to 1S YTHE UNIT USED FOR [NPUTIKNG DATA.
C
C coh 1S THE UNIT USED FOR OUTPUTING RESULTS.
C
C
DATA IDy OD/Se« &6/
4
(o
c-----_-————----—-—.-----—-----—-————-———---------—----------------—-----
c )
GO TO (100,500,1000) ,wHICHG
o
c READ 1IN WwIND VELCCITY PARANETERS
c .
100 REAC(IC:250) RNTVZIOWMTVKI4K24K3eKaKS
250 FQRMAT(]CEE&.0)
RETURN
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67
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70
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72
72
74
75
T
T
78
79
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82
a2l
a8a
8S
€6
87
ee
8s
50
sl
2
923
0a
9%
Sé6
97
o8
99
100
101
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END PRT

NN

500

8525
S50

600

625

650

C.

COMPUTE WwiAD VELUCITY COMPONENTS

IF{ZPTF«GE+6040) GO TO 525
RMTIVI*AMTVZO+K{*2ZPTF
GC To £9%0
RMTVZ=RMTVZO0+K1260.0
RIJ2=(MTV/II40) #2525 RMUTVYZ

IF{RPTF.GE.RMTVZ) GD TO %75
HATI O=RPTF/RMNYVZ
GO YO €00
RATIC=RMTVZ/RPTF
IF(RPTF.GELR332Z) GO TO 650

IF(2PTF . GE.6040) GO TC 625

VRRTF=~K5¢(R3I3Z~RPIF)I/(HI3Z2-RMTVZI*RPTF

VARTF=RAT [Q&MTV

VZWTF=KI* (RIJZ-RPTFI/(RIIZ~NMTVZIZPTF KA/ I 0 SVAWTF

PETURN
IF{ZPTF.GE+2460.0) GO TO 650

VRRTF==KS#{R3IJIZ~RPTF Y}/ (RIIZ-RMTVZ ) *RPTIF#{ 240,0-2PTF) 7180+ 0

VARTF2RATIC®NTYV

VIWTF=(1433-2PTF/1804018(KJ&%(NJIIZ-RPTFI/(RIVIZ-RMTVZ)®ED.04

KA/3.0WANTF)
RE TURN
VRATF=0.0
VAWTF=RAY (Q&MTYV
VZWTF=0,0
RETURN

C PRINT WIND VELQCITY PARAMETERS

c
1000
1100

% o ¥ nacn

PPRT+S Fl.DRAGSEX

WRITF(OD+1100) NMTIVZOLMTV K] K2 ¢K3 (KA ¢ KS
FORMAT{26MDO¥IND VELUGCITY PARANE TERS,/

5Xs18H RMTIV2O =2 S IPEI2.8/
EXe)NH MTV = 3 1PE12.4A/
EX 315H K1 = ¢ 1PE12.47
55X +15H K2 = 21PEl2.8/
* EX+ I5H K2 r 3 1PEF12.4/
EX+1S5SH Ka = o JPE12.4/
EXy18H K5 = +1PR1244)
RETURN
END
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TOPNANOCWINDL 1) WORAGBE X(O)

BB IDDPUD a N e

SUARVUTINF DRAGIPARMTS ¢DRAGCF s WI{ICHG)

Y
¢ TH1IS SUBROUTY INE COMPUTES THE DRAG COEFFICIFNT FOR YHE PARTICLE
C
C, DEFINITIGN UF PARAMETFRS,
C PANMTS (1) = ARRAY OF TIME DEPENOLNY PARAME TEHS THAT
c AFFECT THE COMPUTATION OF THE DRAG
< . COFFFICIENTY -
C ORAGCF = NPAG COEFF[CIENT COMPUTED RY THIS
o SURRQUTINE
C wWHICH = | = RFAD IN DFAG COCFFICIFNTY PARAMETENS
c 2 = COMPUTF DRAG COLFFICIENTY
C J ~ PHINTY CRAG COEFFICIENT PARAMETCRS
c
(ot PARAMETER OCCLARATICNS.
C
REAL PARNTIS(])
RFAL DRAGCF
INTEGFER WHICHG
c
C DYHER COMMON VARIABLES,
c .
REAL CDRAG
g
CCVMMCN /CGCOPR/.CCRAG
o
C LCCAL VARIABLE CECLARATIONS,
Cc
INTEGER ID,OD
C
C---_--—------ -—--—---——---—-.-----——-—-_-—————-—-------a-----u--—-n-------
C
C MACHINE/SYSTEM DEPENNENTY FEATURLS,
¢
C DEFIN TION OF {/C UNITS USED IN THIS SUBROUTINEG.
c
< 10 IS THE UNIT USED FOR INPUTING DATA,
C
C coD [S THE UNIT USFD FOR OLYPUTING RESULTYS,
C
c
DAYA 1C, 0OD/5. 6/
c
C
C--——--.- CEEE T O T E e S s T e e s e e e B o o s b e - O G D A s eGP W T WO GD Gb B =P WP SB SR am ws Gn S0 on
C
GO TO (100,500, 1C00) s wHICHG
C
< READ TN ORAG COEFFICIFNT PAHAMETERS
Cc
100 READ(ID250) CDRAG
250 FORMAT(G6FE 1240)
RETURN
c
C CUMPUTE ORAG COCFFICIENT
c

Y]] ORAGCF=CDRAG

&4



5p RE TLRN
£q C
60 C PRINT DRAG COEFFICIENY PARAMETERS
() c
6? 1000 WRITE(OC41100) CDRAG
M 1100 FORMA T{29HODRAG COEFFICIENT PARAMETIERS/
[-X) L] EXe18SH CORAG = olPF.)Z.-“
e PETURN
LX) C
67 END
END PRT

OPRYT+S F1eCATAZEX



TCRANADO®RIND(1) e CATASEX(])

NBENSIAMNE W -

10
1t
END FRT

[~ - B W

DXOT Fl.ABSSEX

1

4€q.0 130.0

1«0

1.0

4¢.0

De0

10.0
1«0C-4a

113110

00

10.0
0,0
0.0

1eCE~1{

0.0

40,0
35.0

la DE=A

0.0
0,0

1.0
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WIND VELCCITY PARAMETERS,

DRAG

MTV20
»TV

[} ]
"2
[{$]
e
®s

COEFFLCIENY

CCRAG

= 4.6000+01

123000402
0.0000
0.0000
1 .0000400
feCCCCe00
10000000

PARANETEES »
- 1 sCLCCO200

PARTICLE PARANETYERS,
- AREA
NASS

- 10000400
= 10000401

PRODLEN DESCRIPTIUN

INITIAL CONDITIONS. (TORNADO WwIND FLELD)
X = 0.,0000

PCSITION.
VELOCE TY.

v =

3.5000401

INITIAL CCNOITJONS. [PANTICLE)
X = 4.56000401

PGSITIOR.
VELCCITY.

TARITIAL TIME.
TIFE INTERVAL FOR OLTPUT.

153

165
164
10

4
0,00
1,00-01
2.00-01
M.0OO-013
4.00-01
5,00-01
¢e00~-01
T«00-01
2.,00-01
9,00~-01
1.00¢00
1.,10400
1420000
130400
140300
1490400
1 «+60200
1« 704+00
1.,80400
3 «904%00
2.00¢00
2.310100
2.20400
2,30400
240000

X =

C,0000

Xy
4.60401
4,36+01
S 440}
4.29¢01
440340}
3463401
3.16%01
2+57+0)
19200}
s 2400])
S«7904#00

-Be58=02
-8 ,39+00
~=7e36200
-Bu28+00
= Te42¢00
-4 .90¢00
-Qa26-01
4431400
1 064¢0)
1« 7850}
2.508¢0%
32830201
4« 3J3+0)
Se27+01

C.0000 ,

1.0000-~01

L 4
Oe00
J«TI400
1.05401
t.A0001
234401
Je19001
JeTie0}
4.04001
4.15401
4404001
3.68301
3. 10401
224401
l1eR60018
%.,00400
~8475900
~leat5001
=26480001
=3431+01
~8a16401
~8e98$01
-5.66%01
~He31401
-$.89+01
~Te 804018

Y =
vy =

Y =
vYy =

0.0000
040000

-0 40000

00,0000

TABULAR RESWLTS

zp
a4.00%01
. 24401
a4a,71+01
T4 29+ 01
Se 364 012
6.73401
7452401
Be37¢01
9.22401
101402
1.09%02
1.27¢02
1o 24402
131002
1e37802
1643002
1eAB002
183402
157402
teb&t402

‘1e68802

1« 8A%02
171602
1474502
L«”7402

-

RUXYS
4,60401
4.,58+01
8 .584¢01
As65301
A, 764D}
/1.85+01
A ,AT401}
4,794¢01
4,500
4,22401
3, T2¢01
Je.10401
2033001
1.6440¢
9272400
8.081400
1353%01
2+4)12401)
PO LY T, 11
2,290}
5.2%401
6e224%01
7.180801
Hel13¢01
9.08901

vZ =

vxP
0.00
=-6.4'T+00
=f.33%01¢
~2e (e 0L
~3.25+01
- 3436001
~Se.02301
~-€e 25+ 01
-6,73101
=5,080401%
=54 27901
=S5 «2T401
-3 &7 01
=-1.25401
=1e 15-01
1+72¢D1
3. 28v01
a,64501
S«.80+03
6, TB4O1
T 5940}
Be 25401
AR,7TQ401
9«21401
953401

47

K+.0000+08
0.0000Q

NP
0,00
Ba94401
Te33+0%
Te56+0)
T 07401
54924018
A ,2u+0)
2.26%01
Te00~02

-2 30501
=4, T6% Q1
~Be76+401
~Aes27 %01
=P o24001
-GeTas+0}
~3 +B6HGY
-Fa684+01
-De30¢01
~BeTB 0}
~HBel 7401
=7 +51401
-~6GeB3*0!
=bhe 14401
~5¢44301
-4 ,804+01

vip

0.00

3.95+01
%,31401
He20001
T.t20010
T7,90:01
8435401
8.,52¢01
Asa9001}
A.324018
8.0J¢01
Te51001
Te1 0408
6, %6+ 01}
6.01401
S.804+01
3.0230)
4.58401
8,1T7401
l.31301
3.47401
3.17001
2. 89+ 01
26484018
244000}

HSPFFD
0.00

5.98+01
T.45+01
T+B8564+01
T.75401
T«35401
6+90+01}
6,68 401
6273401
7420401
Te96¢01
8,57+ 01
Q.04 +01}
9.43¢01
D.Ta+01
1+00+02
t.02402
1204402
{08402
1,06402
{0702
107402
1,07402
1.07+02
1s07¢02

SPEED
0,00
T.17¢01
9. 1540}
100402
1.05402
108402
1e0R002
11,0802
1.08402
1, 10402
te03002
119602
113402
115002
1.14202
1e14%02
1.148402
118802
1e 13402
113002
1. 12302
to12402
Tell1002
1« 10002
109802

HYSPEED
1.30%+02
117402
1«01¢02
8,86+01
g.08%01
T.84+01
B.11%01
8,75¢01
9,644¢01
1.07¢02
1.18402
le1 %% D2
117402
lelA~»D2
1.18602
letOr 02
1.19¢02
1.18¢02
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