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Rain-Induced Vibration

R. Rodeman* and D. B. Longcope*
Sandia National Laboratories, Albuquerque, New Mexico

The purely longitudinal response of an elastic rod structural model of a space vehicle moving through rain at a
constant velocity has been calculated. A statistical model and a related deterministic model which describe the
rain-induced force on the nose of the space vehicle are formulated. These models are used to predict first- and
second-order statistical properties of the excitation and response. Results show that the average force due to the
raindrops in a typical weather encounter is small compared to the atmospheric drag. It is further found that the
structural response is dominated by frequencies in the 1 MHz regime. A comparison between the responses of
the rod theory which allows only longitudinal motion and that which includes the effects of radial inertia and -
radial shear suggests that the simpler theory provides an upper bound on the axial response of a rod cross

section.
Nomenclature
a =spherical raindrop radius
a;  =radius of cylindrical rod ,
a . = deterministic model raindrop radius
A =random variable denoting raindrop radius
A, ‘= cross-sectional area of rod
C,Cp,C =bar, dilatational, and shear wave speed
Co = nth Fourier coefficient
C =time-averaged estimate of force covariance
E =expectation operator and Young’s modulus
Sa =probability density funetion for raindrop
radius
F, =total force on cross-sectional area
F =time-averaged estlmate of the mean value of
R the force
hh =incremental force pulse produced by the,
impact of a hypervelocity raindrop, Fourier
transform of 4
H = Heaviside function
I =impulse imparted by raindrop impact
k =momentum multiplication factor
K.K, =correction factors in Mindlin-Herrmann
theory )
Ky = autocovariance function of the excitation
M =mass of raindrop
M =mass encounter rate
N =number density of ramdrops per size per unit
volume
N, =empirically determined constant charac-
- terizing specific storms
N, = number of raindrops encountered during
t—t,
P =representative maximum pressure
Py - = Hugoniot pressure
p* = kinetic pressure
R =time-averaged estimate of the autocorrelation
» function ' .
S4 =covariance spectral density of induced ac-
celeration
N A,S 4, =nondimensional covariance spectral density
of .induced acceleration for force models 1
and 2
Sg = covariance spectral density of the excitation
S: S Fy =nondimensional spectral density of the ex-

citation for force models 1 and 2
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Lt - =time and initial time
u - = axial displacement
|4 ~ =velocity
W . =radial displacement
X =axial coordinate
o = empirically determined - cloud parameter

which is also the rec1procal of average
ramdrop radius

AT =separation time between impacts in deter— '
ministic model
A =raindrop average encounter rate
Ap " =raindrop average encounter rate in deter-
‘ministic model
ANopo =Lame parameter
0.04,P1,0w =bar, atmosphere, cloud, and water mass
’ density
0,440, =standard deviation of acceleration and ex- .
. citation
G =time-averaged estimate of standard dev1at10n
’ of the excitation
Th =time of impact of the nth raindrop
g ’ = characteristic functional of the excitation
w,w’ =circular and characteristic frequencies
Q S =nondimensional frequency

Introduction

EATHER effects on space vehicles have been a subject

of investigation for over 20 years. The primary concern
has been focused on the erosive effect of the weather en-
counter. More recently weather-induced vibration has become
a concern. - Instrumented flights through weather have in-
dicated that it does indeed produce high-level vibration.
Unfortunately, a complete, valid measurement of both the
weather and. the induced vibration has not been obtained.
However, available information shows that the weather-
induced vibration environment at certain vehicle locations

- greatly exceeds levels experienced in clear-air flights.

A theoretical distribution for the size of raindrops as a
function of rain intensity was originally obtained by Marshall
and Palmer.! That distribution has prevailed and today
meteorologists are in apparent agreement as to the form of the
model used to describe the number density of raindrops per
size per unit volume of the atmosphere.

Strike and Lasker? first studied responses for a vehicle

. moving through weather. In support of their effort, high-
" velocity, single simulated raindrop impact tests were per-

formed as reported in Ref. 2.
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In the present study we consider that as a vehicle moves at
constant velocity through a rain cloud it will encounter some
large, but finite, number of raindrops. The number and size
that actually impact the vehicle are dependent upon the
specific storm, the vehicle, and its velocity. For the class of
vehicles in which we are interested only a small fraction of the
particles will be slowed or stopped by the bow shock layer and
all shock-layer effects are therefore ignored. Each of these
particles will impart momentum to the vehicle. Although the
number of particles encountered, the size of each, and the
times and places of impact cannot be determined in advance,
the overall force imparted to the vehicle can be described in a
statistical sense. Also, as reported in Ref. 2, since normal
impacts impart an order of magnitude more momentum than
oblique impacts, the nose of the space vehicle is assumed to be
a flat area and impacts aft of it are ignored.

The force imparted to the assumed flat nose of the space
vehicle is modeled as a deterministic model and as a statistical
model. In the deterministic model the total force on the
vehicle is represented as a superposition of forces due to fixed-
size raindrops arriving at a constant rate. Timé-averaged
properties of this model are obtained. For the statistical
model the total force is represented by a filtered Poisson
process, with the force due to a single encounter taken from
Ref. 2. Following Ref. 3 a characteristic furctional is ob-
tained . from which first- and second-order statistical
properties of the loading are derived. A comparison of the
results of the two models is made. It is found that the average
force due to the weather encounter is small compared to
atmospheric drag. The covariance spectral density of the
excitation is constant until the frequency increases to a value
comparable to a characteristic frequency dependent on both
the average raindrop radius and the vehicle velocity, at which
point the level begins to attenuate. The constant level of the
covariance spectral density increases as the third power of
both the-average raindrop radius and the vehicle velocity. The
two models predict the same average force on the vehicle due
to the weather encounter. It is found that the average force is
independent of raindrop size and the only weather parameter

that it is dependent upon is the water density. of the cloud -

system. The covariance spectral densities of the two models
may be made to agree closely by a suitable choice of the fixed-
size raindrop in the deterministic model. In addition, it is
found that the coefficients of variation for the two models are
quite similar for typical values of the problem parameters.

Although a variety of structural models might be used, the
space vehicle is modeled as a one-dimensional homogeneous
elastic rod of circular cross section with an excitation at one
end. For this model, the response is purely longitudinal and is
independent of radial location of the impact. The structural
acceleration response is dominated by high frequencies on the
order of 1 MHz. A comparison made between the responses
predicted by the elementary rod theory and the Mindlin-
Herrmann theory* which treats radial motion and radial shear
suggests that the elementary theory may provide an upper
bound on the average response of a cross section of the rod.
How close an upper bound it represents is uncertain.

Formulation of the Problem

Weather Model ) )
. Small and large ice crystals, snow, and rain are present at
different altitudes in a typical cloud system. These particles
exist in many different shapes and sizes. For our model all of
the particles are considered to be spherical water droplets with
diameters equal to the equivalent diameter of the melted
particle. The number density of rain drops per size per unit
cloud volume is taken from Ref. 3 as
N(a,ry=N,y(rye-=24, (<g<oo )
where N is the number of particles per radius a per unit cloud
volume, r a precipitation rate, and « and N, empirically
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determined constants characterizing specific storms. Particles
with diameters as large as 1 mm occur in number densities in
tens of particles/m? while particles with diameters of 100 pm

.occur in tens of thousands/m?3.

The probability density function for the raindrop radius is
derived from Eq. (1) as
Sfa(@y=ce *, O=<ag=so 2)

where A is the random variable denoting the raindrop radius.
From Eq. (2) it may be seen that the average and standard
deviation of the raindrop radiusii 1s

E(A)=0,=1/a g 3)

where E is the expectation operator, E(A) the average value
of A, and o, the standard deviation of A. The raindrop
average encounter rate is obtained by multiplying the cloud.
volume swept per unit time by the nose of the space vehicle'
and the total number of raindrops per unit volume

N=A;VN,/a @

where A, is the frontal area of the vehicle and Vits velocity.
The mass encounter rate M for the vehicle is given as

M=p AV 5)

where p; the cloud density is obtained from
=4 3 —aa
P = So §7rpwa Nye~*¢da 6)

and p,, is the mass density of water.

Single-Particle Impact

As in Ref. 2, the force pulse produced by the impact of a
hypervelocity drop with the nose of a space vehicle is assumed
to be in the form

h(t) =wa’pexp(—wa’pt/I), t=0
=0, ‘ <0 ’ @)
where p is a representative maximum pressure and I the
1mpulse imparted to the nose by the drop impact. The impulse
is glven by

I=kmV O ®)

where m is the mass of the drop, V the relative velocity be-
tween the drop and the space vehicle, and k a momentum

-, multiplication factor.

When a hypervelocity particle impacts a solid body, the
momentum imparted to the body can be greater than the
momentum of the particle as a result of ejecta from- the
particle or body and k=1 accounts for this. Experiments
reported in Ref. 2 showed k=1.3 for glass spheres of 1 mm
diam normally impacting various carbon materials at 5000
m/s.. The maximum force is wa?p and the representative
impact pressure p may be adjusted to reflect nonlinear

" dissipation effects near the impact site in the solid body. The

maximum reasonable value of p is p,, the Hugoniot pressure
generated just after. the normal impact .at the drop/space
vehicle relative velocity of two flat plates, one of water and
the other of the nose material. For a given impulse the
Hugoniot pressure gives the force pulse with the shortest
duration and highest frequency content. Smaller values of p
will give longer duration and lower frequency content force
pulses and thereby approximate the dissipation effects at axial
locations in the nose which are several drop radii or more
from the impact site.
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Multiple Particle Impacts
The force as a function of time F,; =0 on the flat nose of

the vehicle moving at constant velocity through a rain cloud is
modeled as

F,=o0, N,=0

’ .
=Y h(t=r,:a,), N, =1 (9a)

In this expression, N, is the number of raindrops that are
encountered during the time ¢—¢,, where ¢, is the time of
entry into the cloud, a, the spherical radius, 7, the time of
impact for the nth drop, and A (t—7,:a,) is a causal function
which. is the incremental contribution to F, due to the nth
impact.

Deéterministic Excitation . .

A deterministic model was made for the purposes of in-
creased understanding and for planning of experimental
verification of the analytical predictions.

As a simplification to the multiple impact force model it is

assumed that all drops have the same radius and that they
encounter the structural model at a constant rate: The arrival
rate is chosen by requiring that the mass encounter rate be the
same as the mass encounter rate for a storm having a drop
distribution given by Eq. (2). The arrlval rate A, of the fixed
size raindrops is

Np=1/At=M/M=p, A V(4/3mp,,6°) (9b)

where 4 is the fixed drop radius. With these assumptions N,,
the number of drops encountered in a given interval of time; is
fixed.

Statistical Excitation

For the statistical model, &, is a stochastic process and a,,
and 7, are sequences of random variables. The raindrop sizes
a, are independent, identically distributed random variables
with probability density given by Eq. (2). N, is modeled as a
Poisson process with intensity A, as,.given by Eq. (4). The
impact occurrence times are random variables whose
statistical properties are determined from those of N,.

Structural Model

As a simple model of rain-induced vibration of a space
vehicle, we consider the purely axial response of an
elementary rod of circular cross section excited at one end by

"the excitation F,. The governing equations for the rod
response are .

Pu 1 Pu_ 10
ax2 2
and
du .
AE — (0,t) =F, (1D
ox

where c=vE/p is the wave speed; u the axial displacement, x
the axial coordinate, ¢ the time, A the constant cross-sectional
area of the rod, E the Young’s modulus, and p the density of
.the material. The initial conditions are u(x,0)
=0u/dt(x,0)=0. The rod is semi-infinite and its response is
meant to represent that in the nose of the space vehicle at an
" axial location at least several noise radii from the stagnation
point. Obviously, this model omits many details of an actual
space vehicle, but it can represent the axially propagating
wave generated by a drop impact near the stagnation point.
The nose response-is also modeled by the Mindlin-
Herrmann rod theory which accounts for radial inertia and
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radial shear in addition to axial motion. The purpose of this is
to assess the validity of the elementary theory in representing
a raindrop-generated pulse, the length of which is short
compared to a nose radius. The Mindlin-Herrmann
equations* and end conditions are

Pu_ 1 Pu_ 2, aw 12
ax?  ch o’ a;(N+2p) ox
82 1 8? 4K2N\, du  8K3(N, +
ow _Low_ RN o 1 (A “)w 13)
ax? % 9 aK?p dx @K p
3 24\ .
A\ +20) = (0.0 + ==L w(0,0) =F, (14)
ox ar ‘
a . .
o =0 - (15)
ax

where u and x have the same meaning as in Eq. (10), w is the
radial displacement at the rod surface, cp=V{(N;+2u)/p the
dilatational wave speed, ¢, =V K?pu/p the shear wave speed, a,

the rod radius, K and K, correctlon factors of the theory, N
and u the Lame constants, and » Poisson’s ratio. .

Analyses

Deterministic Model )
The total force on the vehicle is represented as

N .

F,= Y, h(1—nAT) (16)
n=1 ,

where A (¢) is given by Eq. (7), N=N(¢t—1t,)/ATis defined as

the largest integer in (#—1¢,)/AT, and AT is the separation

time between impacts. The time-averaged estimate of the

mean value of the force is found as

_ 1¢T
F(y= —TgoF,dt 17)

and in the limit of large T'is
F(t)=I/AT

Then the average force applied to the rod is simply in-
terpreted as the product of the impulse due to the single fixed-
size raindrop and the fixed rate of encounter of raindrops.

With I and AT determined by Eqs. (8) and (9b), the average
force as predicted by the deterministic model is also given as -

F=kp V?A,=2P*A, ' (18a)
where P*, the so-called kinetic pressure, is
P*=kp, V?/2 (18b)

This formula shows that the time-averaged force is in-
dependent of the chosen raindrop size and that the only
weather parameter upon which it is dependent is p, , the liquid
water content of the cloud system.

The time-averaged estimate of the force autocorrelation is
expressed as

a-ZP 20T N(T) N(T+7)
FiFird (T7> So

X h(t—nAT)h(t+7—mAT)dt ‘ (19

n=0 m=0
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where 7
h(t) =exp(—Prdt/I) (=0
=0 =0

which may be evaluated in the limit of large T to give

52
2(r) —(FF,, y= wa PI( g,(7) . g,(7) )

2AT \I-h(AT) 1—-h(-(AT))
(20)

where g, (1) =hA(71—N(7)AT) and g, (7) =h(N(7)AT—7). It
may be seen in Eq. (20) that the time-averaged autocorrelation
is stationary, as would be anticipated. The functlons g, (1)
and g, (7) can also be expressed as

g, (0= Y, hA(r—mAT)k(7,m) @
: m=0 ‘
and
g ()= Y, h(mAT—1)k(r,m) = @2
m=0 L '
where‘

k(r,m) =H(r—mAT) —H(t— (m+1)AT)

where H(¢) is the Heaviside function.

What is not so readily apparent, but still mlght be an-

ticipated from the nature of the excitation, is that the tem-

_poral estimate of the autocorrelation function is periodic with

period AT.
The time-averaged estimate of the covariance is given as

C(r)=R(r)-F? @)
Since €(7) isitself a periodic function with period AT it has a
Fourier series representation as
C(n)= ), C,exp(2mnt/AT) (24)
n=-—oo ¢
where the Fourier coefficients were determined to be
C,=0 n=0
=((AT/D)?+ (2n/a2P)2) ! n#0 25)

From a knowledge of the covariance function the time-
averaged estimate of the standard deviation of the excitation
may be shown to be

o=F(ra’PB/ (2F) — 1) # (262)
where
B=(I+e-7)/(I-e~7) and y=pra?/F  (26b)

With the standard deviation and mean determined the
coefficient of variation is written as :

6/F=(PAB/(4P*A;) —1)% (26¢)

where Ais givenby . : .
A=7nd’ ‘ (26d)

Statistical Model

' To determine the statistical properties of the excitation it is
convenient to determine the characteristic functional of the
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excitation defined as in Ref. 3 as
) e T '
6+ (jv) =E[exp (j S .Fadva)] @)
. o

where FE is the expectation operator, F,; t,<o=<t the averégé
force described by Eq. (9a), and v, an arbitrary real-value
function subject to certain restrictions necessary to insure that
the above integral converges in the mean square sense. With a
proper choice of v, and operations on the characteristic
functional, once it has been determmed the second-order
statistics are readily obtained. o

Followmg Ref. 3 the characteristic functional is obtained as

" T

7 (v =e7<p {xg E[exp (jgto h(o—ra)dv, — 1)}17} (28)

fo
where the expectation within the integral is taken with respect
to A, the random variable denoting the raindrop radius.
To evaluate the mean of the excitation v, is chosen as
v, =0, ty=0<{ )
=a,;, t, <0<t ' (29)

Then the mean value of the excitation may be found from

J o, ;=0
to be
T
E[F(t)]=)\5 Elh(t—7a)]dr 31
R S v

If ¢, and T are considered to become very large negatively and
positively, respectively, the mean value of the excitation can
also be expressed as

E[F(t)]1=NE(]) N €2))

. which has the simple interpretation that the average force is

the product . of the average raindrop encounter rate and the
average impulse due to the encounter. The average excnatlon

_ can also be expressed as

E[F(t)]=kaAfV2 (33

which is-seen to be the same average force as predlcted by the
deterministic model.

The autocovariance function can be found from the
characteristic functional by choosmg the function v, in Eq.
27)to be

v,=0, ty=so<i,
=ay, L, =0<t,
=a,, <0<t

where o; and o, are constants. The autocovariance function
is then obtained from the characteristic functional as

o Phdr _
Kpltpty) = da 0o, - a1=a2=é_E[F(t1‘)F(t2)]
—E[F(tl)]E[F(tz)] 34)

and after performing the differentiation the autocovarlance is
found to be

Ke(t,,t5) =>\S E(h(t;=ma)h(t,—7:a))dr (35)
‘0
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where the expectation is to be taken with respect to the ran-
dom variable A. In the limit for large T and -1, the
autocovariance is

KF(6)=>\§:° Eh(r:a) h[(v+ ) :aldr (36)

which implies that after extended exposure the force ex-
citation becomes stationary in the wide sense.

The covariance spectral density (CSD) of the excitation is
found by taking the Fourier transform of Egq. (36) with
respect to 8 to obtain

Sp(w) =NE[ i (w,a) 121 =\E[I?/1+ («l/7a?P)?]  (37)
where w is the circular frequency and A(w,a) the Fourier
transform of the incremental force contribution 4 (#). Sg(w)
can be evaluated by an asymptotic integration to find that

Sp(w) =SHEA)V)’Ci[1-56(w/w’)?+...] (38a)
where
C,=4/37k?p 0, A; (38b)
and the characteristic frequency w’ is ‘
w'=3Pa/4kp,,V (38¢)
It is noted that the CSD increases as the third power of the

average raindrop radius and the vehicle velocity. The variance
of the excitation may be obtained from the CSD as

o= L r S, (w)do= L E( aZP}) | (39)
T gr )W SEIERT R EIE

It may also be described by

02= =P*PAA, (402)

where A is given by
A=20r[E(A))? (40b)

Using the results of Eqgs. (33) and (40) the coefficient of
-'variation as predicted by the statistical model is given as

o,/ |E(F){=(PA/P*A,)" /2 (41)
‘ .

and the similarity with the deterministic model seen by
comparing with Eq. (26c). )

The covariance spectral density may also be written in
nondimensional form as

SF(Q)=a3SF(w)/1607rk2AfV3ppr 42)
where the nondimensional frequency Q is defined as
Q= (4kp,, Vw) /3P

The covariance spectral density is evaluated numerically to
obtain the graph of S vs @ shown in Fig. 1. This curve defines
a general relationship between all parameters of the rain
vibration model.

Vibration Response in the Nose
The axial acceleration covariance spectral density in the
nose of the space vehicle may be estimated from the
elementary rod equations (10) and (11) and the force
covariance spectral density equation (37). ¥sing the Fourier
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Fig.1 Force covariance spectral densities for particle impact models.

transform with transform variable w the squared magnitude
of the transfer function H(w) relating the acceleration at a
point in the rod to a force applied at x=01is

|H(w) 2= [o:/pcAf]Z 43)
then the acceleration covariance spectral density S 4 (w) s
SA(w)=s,;(w) IH(w)I2 (44)

Equatlon (44) may be written in nondlmenswnal form as

- wh*C A .
$,(@) = ‘;—~—-Lo” Sy =W Sp(@) (45)

to obtain §, vs was shownin Fig. 2.

The acceleration response variance which is associated with
the area under the S, curve of Fig. 2, is unbounded. This is
due to two causes: 1) the structural model is undamped and
2) the form of the force model. Although the force model
itself has a finite variance, when it is used in conjunction with
the simple undamped rod model an unbounded acceleration
response variance is obtained. To obtain a meaningful result a
single-particle excitation model with a more realistic finite rise
time is used. This model is given by

h(t)=hit/Iexp(—hyt/T) t=0
=0 <0 (46)

where the maximum value is hye ! and the total impulse is 1.
The CSD associated with this pulse is obtained from Eq.
(37 as

Sk, (@) =E[R/ (1 + (1]/wa’p)?)]? )

The expectation with respect to the random variable A4 is
evaluated numerically to obtain the nondimensional CSD vs
nondimensional frequency curve shown in Fig. 1. The
estimate of the acceleration covariance spectral density of a
point in the nose of a space vehicle is obtained from Eq. (45)
with the nondimensional excitation SF (Q) substituted for

) SF(Q) The nondimensional covariance spectral density of

the response SAZ (9) is plotted vs @ and shown in Fig. 2. The
nondimensional variance of the response which is associated
with the area under the curve is found to be

o%,=7/4 (48)



464 'R. RODEMAN AND D. B. LONGCOPE

10‘6_ T rorrrmg LR LN I LR LN L RN LR R
5 - :
~«|
“ s S/ ]

1.00 —3.._> S, .

o
i
Q |@
£ o
QU
J]
[e] 4
% Sas
0.10  i» 3
0_01 AR NI R TIN 'n A W
0.01 0.10 .1.00 10.0
_ 4k8,Vw '
Q -3Pa

Fig. 2. Acceleration response covariance spectral densities. .

10'0 [- ¥ T T 17T T T TVYTITTH 7 3
C v=03 / ]
o - c=3 x 10%m/s / T
’3‘ I p=11x 103 Kg/ms MINDLIN-
¥ 100 | 2=003175m / HERRMAN
g E ELEMENTARY E
5 C o z=1 ]
2 L g
i —%=10
o« 0.10 L 9
w = 3
w F 3
& C 3
2 o h
< = i
«
= L _ J
. Imin=3x10"®
0.01 Y JuTin i T s
108 10* 10° “10®

FREQUENCY, Hz

Fig.3 Comparison of elementary rod theory and Mindlin-Herrmann
theory.

The results of Fig. 2. and Eq. (48) can be used either as an
estimate of the acceleration response of rigidly mounted
components located in the nose of a space vehicle or as input
to a separate component response analysis. )

In Fig. 2 the response S, , increases with frequency to peaks
which occur at frequencies of 0.1-10 MHz for typical values
of the physical parameters. To assess the validity of
elementary rod theory to represent high-frequency waves, a
comparison is made in Fig. 3 of the squared magnitudes of the
transfer functions from the elementary theory. and the
Mindlin-Herrmann theory (K?=0.869 and K;=0.477
corresponding to »=0.3 were used?). The main difference is
the dip in |H () |? from the Mindlin-Herrmann theory at a
frequency of about 3 x 104 Hz which corresponds to a purely
radial mode of rod motion. Elsewhere the agreement is good
with a difference of about 20% in the high-frequency
asymptotes. From these results one might expect more exact

. rod theories to give additional dips in 1H(w)1? at higher
frequencies. Since the elementary theory allows no radial
motion, we might expect it to overestimate |H(w)1? from
more exact rod theories as indicated in the particular case in
Fig. 3. This conclusion may not hold for the response of a
particular point (recall |H(w) |? represents the average cross-
sectional response) which could vary significantly with radial

location when the response is dominated -by high-frequency -

components, as suggested by Davies.?
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Comparison and Results of the Two Force Models

As the deterministic model is intended for testing
simulation of the effects due to the more realistic statistical
model it is desirable to make the two models agree as well as
possible. It has already been seen that the two models predict
the same average force. To obtain further agreement the
fixed-size raindrop of the deterministic model was chosen
such that a faired curve of the nondimensionalized Fourier
coefficients of- the time-averaged covariance from the
deterministic model vs nondimensional frequency would
exactly match the low-frequency portion of the CSD curve of
the statistical model. The faired curve from the deterministic
model which approximates the CSD is shown in Fig. 4 and

‘may be compared with the CSD of the statistical model from

Fig. 1. The fixed-size raindrop radius chosen to achieve this
objective was found to be

’

d=(120)13E(A) 49

" With a so chosen it is seen.that the coefficient of variation

[EqQ. (26¢)] for the deterministic model, for typical values of
the physical parameters, is approximated very well by

2L Py (50
IFI —~ 2\P*4, )

A comparison of this result with.the coefficient of variation
for ‘the statistical model [Eq. (41)] indicates the excellent
agreement of the two models.

The average force due to the rain as compared to that force
due to the atmosphere may be shown to be

Fu/F=p,/2ko, 1)

where F, and F are average forces due to the atmosphere and
rain, respectively, and p, the mass density of the atmosphere
at the particular altitude at which the vehicle is traveling. The
minimum of this ratio is of the order of 10; thus, it is apparent
that the average force due to the weather encounter.is small

compared to that due to the atmosphere. :

Conclusions

Two models, one - statistical, the other deterministic,
describing the force F, on the nose of a space vehicle traveling
at constant velocity through a rain cloud have been for-
mulated. The deterministic model, which is intended for
testing purposes, is made to agree with the more realistic
statistical model by choosing its fixed-size raindrops such that
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the apprOXimated covariance spectral density of the deter-

ministic model agrees, in the low-frequency regime, with the
statistical model. The two models predict the same average

force and show excellent agreement in their coefficients of -

variation and covariance spectral densities. The covariance
spectral density of the excitation is nearly flat at low
frequencies and is down 10 dB-at frequencies near 100 kHz for
practical values of the physical parameters. The average force

due to the weather encounter is shown to be small compared

to that due to the atmosphere. The coefficient of variation as
predicted by the models is of the order of 20 for typical values
of the parameters.

The rain-induced vrbratlon on a space vehicle traveling
through a rain cloud is modeled in two ways by considering
the axial response of an elementary rod and a Mindlin-
Herrmann rod excited at one end by the force F,. A com-
parison_suggests that the elementary response theory provides
an upper bound on the average cross-sectional response in the
axial direction. The maximum response from the elementary
theory occurs at frequencies on the order of 1 MHz.
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