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ABSTRACT

A Monte Carlo analysis was conductgd to determine a thecgreticsal
Apollo Saturn V 1éunéﬁ reléase désigﬁ Béﬁdiég momeﬁt-aé a-c£itical
loéaéiéﬁ_on the spacéeraft structure. Inpufs t6 thé‘analysi; were dé-
fined by their distribubion Punctions and selected by a rendom mumber
genérété&. :Tﬁree-dimensionai strucfurél dynamic characteristics of thé

Apollo Saturn ¥V vehicle were used in a forced resyonse progran to deter»

UL -

mine the spacecraft loads for 200 cases. The results 1nd1cate that the
maximum bending moment is lognormaliy‘élétributed. In addltlon, the
des;gn bending moment was compared £o one obtalne& u51ng the current
de51gn method of root—sum—sqparlng the results of several separaie cases. -
This 1nvest1gatlon shows that 8 Monté éarlo approach to determine

a lift—-off design load is feagible, and that the resuit obtained through

the current design method iz conservative.
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' resultant lateral shear at CM/SM interface, 1b
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CHAPTER T
INTRODUCTION

Although in sppearance the lift—off of a giant space vehicle is
slow and majestic, structurally it can be one of the most violent and
eritical phases of the vehicle flight. Prior to lift-off, steady winds
and gusts create thousands of pounds of lateral drag. Von Karman voitices
(vortex shedding) occur at critical windspeeds and cause the vehicle to
sway in a direction normal to the wind. The unsymmetric buildup of enéine
thrusts causes large lateral forces and torques, as well as longitudinal
forces, to be applied. The application of these wind qnd thrust forces
results in static and dynaemic deflections of the vehicle and large loads
in the hold~down structur;. The‘quick release of these constraining
loads induces large lateral and longitudinal structural oscillations in
the structuré. The design loads on a spacecraft due to these oscillabtions
are an important design consideration and are difficult to establish
because of the many variaticns in seguence times, thrust buildup rates,
and maximum thrust., Althcugh considerable statistical information aboutb
these parameters exists, a meaningful application to determine design
loads has not yet been established. Fo? example, the design lateral loads
for the spacecraft are now determined in the following manner (Refer—
ence 1). TFirst, a design windspeed versus altitude profile and a corre-

' sponding vortex shedding load are selected, and the bending moment
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resulbting from a lift—off iﬁ that wind is calculated., WNext, g combina-~
tion of thrust buildup forces is selécted which produces maXimum gxci—
tation of the cantilevered vehicle. The bendiné moment resu;ting from
lift-off during this excitation is calculated. Finally, the resulis of
the two cases are root—sum—gquared to determine a design bending moment.

- This design method has several drawbacks. First, design loads
evolve from a selection of worst-worst inputs. Because of the complex
nature of the problem it is not possible to determine whether or not this
is g conservabive approach. Second, the design case is hypothetical
since it is not based on a realistic combination of inputs. Therefore,
the probability of its occurrence is unknown. These drawbacks, plus the
availability of sbtatistical input data, have led to the evolution of the
Monte Carlo approach of calculating lift-off loads.

The objective of +this invéstigation is to develop a means of
statistically analyzing spacecraft loads at 1lift-off through the use of
the Monte Carlo method. This method is a solution of a problem in which
the input data for many cases are selected at random through the use of
8 table of random numbers and probability distributions of the inputs.
Selected outpubts of the problem are then analyzed statistically by con=
structing their probability distributions from the results of many cases.
This investigation will apply the technique to determine the Apollo
Saturn V vehicle spacecraft loads at thrust buildup and launch release,
Probebility distributions of windspeed and direction, engine start times,
buildup rates, maximum thrust levels and engine alignments, and launch
release time will first be established., Using a table of random numbers,

data for 200 cases will be selected from the probability distributions.



The data for each case will be used to set up force time histories and
gequences of events. Using a digital computer solution, these forces
will then be applied to a structural mathematical model of the Apollo
Saturn V and maxiﬁum spacecraft structural loads calculated for each
case. The peak loads for the 200 cases will then be ordered from low=-
eat to highest, a mean and-standard -deviation established, a.ﬁd a prob-
ability distribution plotted. - This distribution will-then be used to
egtablish a'theoretical design wvalue which will be compared both in
magnitude and meaning to one obtained by the current design method of

solution.



CHAPTER IT
EQUATTONS OF MOTION

The method used to solve for the dynamic response of th‘e space
vehicle utilizes the standard normal mode eguations with viscous damping.
A basic description of the method follows, and a mofe rigorous dei-iva“bion -
may be found in Reference 2.

Consider the Apollo Saturn V space vehicle to be an n degree—-of—
freedom lulilped parameter system with mass matrix [M], stiffness ma~
trix [K], damping matrix [C], and the column matrix of external
forces {F(t)} all expressed in the w coordinate system. The differ-

ential equations of motion in the % coordinate system take the form
[MIw) + [cHw} + [K{w} = {F} (1)

In the normal mode method, mode shapes and freguencies for a system

defined by Equation (1) are found from the matrix equation

$1x] = [wid] biw) = {0} (2)

The solution to Equation {2} in terms of mode shapes and frequencies is

found by making the mabtrix transformation
{w} = [¢HED (3)

in which each column of [¢] is a modal column of the system and {Z}



are normal coordinates. Differentiating Equation (3) with respect to

time leads to
f#} = [p)4&} ‘ (%)
and
{w) = [¢J{§3; (5)

Substituting Equations (3), (4), and (5} into Equation (1) and premulti-

plying by the transpose of [¢], Equation (1} becomes

(01T TMIL614EY + [o1TICIToTHEY + [91TIKIT01E} = [o17(F}  (6)

But the orthogonality relgtionship among normal modes 1s expressed by

{os} Tulfp ) = 0 14 (M
fo; 1 IK1{s,} = o 14 (8)
Therefore
T i,
[$1[M100] = [ ] (9)

where [Mg] is the matrix of generalized masses, and

o1 txle] = o, %], ] = (%] (10)



Comparison. of the triple matrix product [¢]T[C}[¢] with Bquations (9)
and (10) shows that the product results in a diagonal matrix only when
[¢] is proportional to either [M] or [K]. Making the assumption

[c] = 2z[M], then
[617[c1l6] = 2ot ] | (11)

Expressing [¢]T{F} by {Fg}, the generalized forces, and substituting

Equations (9), (10}, and (11), Eguation (6) becomes

e+ 2 et [ o = 2)

Equation (12) then is the standard form of the normal mode equa—
tions which can be used to calculate the dynsmic response of the space
vehicle. A descripbtion of the structural model is included in Chap-

ter III.



CHAPTER ITT
STRUCTURAL MODEL

The structural model used in the analysis is ‘a 180-degree-of-
freedom lumped mass model of the Apollo Saturn V vehicle (Figure 1).
Fifty lumped masses were configured to match the mass properfies of the
fourth Apollo Saturn V vehicle (Apollo 9). A composite total vehicle
lumped mass model was constructed by North American Rockwell Corporation
from mass and stiffness matrices of the spacecraft provided by NASA
Manned Spacecraft Center and of the launch veliicle provided by NASA
Marshall Space Flight Center.

The lumped mass models of each of the components making up the
entire vehicle are shown in Figures 2 through 6. For reference purposes,
the 50 lumped masses (hereéfter called nodes) are numbered consecubtively
from the top of the spacecraft to the base of the launch vehicle.

Figure 2 shows the launch escape system (LES) and command module (CM)
portions of the spacecraft. The service module (éM), housing spacecraft
life support systems; spacecraft propulsion system, and fuel and oxidizer
tanks, is illustrated in Figure 3. Figures L and 5 are the lumped mass
descriptions of the lunar module (LM) and its housing and the spacecraft
IM adapter (8LA), respectively. The nodal description of the three-stage
launch vehicle is illustrated in Figure 6. The coordinates of the entire
lumped mass éystem are listed in Table I and are consistent with the
coordinate system of Figure 1. Also shown in the table are the degrees

of freedom retained for each mass point.



Orthogonal modes and fregquencies for the lsaunch vehicle' were cal=
culated by North American Rockwell Corporation using the Givens Method
(Refex:ence 3). Two sets of modes were calculated and subsequently used
in the analysis. The First set is for the ignition phase, wherein the
vehicle is still held down on the launch pad (cantilevered). A total of
91 cantilever modes were calculated, 30 of which are used in this study.
The second set of modes calculated were for the 1lift—off or free-free
configuration. A total of 84 free-free modes were calculated, 30 of
which are used in the study. Modal damping equal to 1 percent of criti-
cal damping is used in the analysis for all cantilever and freg-fr;ae

modes,



CHAPTER IV
LOADS EQUATTIONS

The Apolio spacecraft 1s a very complex structure requiring
complicated stress analyses to trace load paths for a given set of body
' loads. As indicated in the introduction, hoﬁéver, the objJectiveiof this
investigation is to derive a method for determining a realistic set of
basic body loads for the design condition of 1lift—off. A description of
the stress analysis stemming from the calculation of body loads is'the;e--
fore not within the scope of this work.

Hereafter, the term “bpody loads" will refer to the combination of
shears, axial forces, and bending moments existing at a particular loca—
tion on the spacecraft and resulting from externally applied Porces and
iﬁertia forces. Although a running distribution of body loads is neces-
sary to st;ucturally design the spacecraft, such a distribution usually
evolves from the calculation of body loads. The critical locations are
generally the interfaces where major portions of the spacecraft are mated.
Examples on the Apollo spacecraft are the LES/CM, CM/SM, SM/SLA, and the
Lﬁ/SLA interfaces. Although it is necessary to establish body loads at
all of these interfaces, this investigation will consider only the CM/SM
interface as a Typical and critical example. Figure T illustrates the
math model lumped mass represembation of the spacecraft above the CM/SM
interface. The body loads to be calculated are those acting upon the SM
side of the interface and their signs are considered positive in the

direction shown. The loads are calculated from a sumation of externally
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applied forces and inertia fﬁrces above the interface. Externélly ap-
plied forces above this interfacg-conéist entirely of'wind-induced‘lateral
forces. The inertia forces result from rigid and elastic body accelera-
tions discussed in the previous chapter. Note that rotational degrees

of freedom were not included in the modeling of the LES and are therefore
not included in inertia terms of the load equatioms. The body loads at

CM/SM interface are claculated from the following equations.

I. AXTAL FORCE

Sx = - E m, X, (13)

where the m 's are the lumnped masses and the ii's are their total
rigid and elastic body acceleration components in the x direction.

A positive force indicates s tension axial .force at the interface.

IT7. SHEAR FORCES

5,= DT - Z-miﬁi (15)
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°r Z%YQ) * (322) (26)

where Fi and Fl are the y and 2z components, respectively, of
¥ Z ’
externally applied forces and SR is the totasl shear at the CM/SM inter-

face.

oy L

I1T. MOMENTS
My = 713 %3 T Ts%3'3 7 Masts (r{)

where Mx is the torsional'load ghout the. x axis at the CM/SM inter-

Tace, I3 is the mass moment of inertia of the command module, and
x

63 is its rotational acceleration sbout the x axis. The second and
x b .
third terms in the equation result from the slight offset of the CM cen-

ter of gravity‘from the x axis. There are no externally applied tor-

sional forces at 1ift-off.

3 3

My T ZFiZ(Xi - XCM/SM) - I3y§3 * Zmi:z'i(xi - XCM/SM) - mz.,

i=1 ¥ i=1

(18)
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3 : 3
Mz = E Fiy(xi - XCM/SM) - IBZGBZ.—_ E ]-niyi(xi - XCM/SM) + my Xo
i= i=1

(19)

RN

where My’ Mz’ and MR are the y and =z components and total bending

moments, respectively, at the CM/SM interface. The term (xi - Xay /SM)

represents the x-axis distance from each lumped mass to the interface.

The final terms in Equations (18) and (19) again result from the offset

CM mass.



CHAPTER V
INPUT DATA

As not;d in the introduction, the purﬁose of this theéis is to de- .
termine by means of a Monte Carlo analysis thé spacecraft structural
loads reéulting from 200 separate lift-off cases. Each case is comﬁosed
of a set of discrete force time histories applied to the structural ﬁodel
and the model response to the forces. This section will describe how
discrete forces for each case are developed from both fixed data and
those data described by probabllity distributions. The data may gener-

ally be classified as sequencing, environmental, or propulsion.
I. BSEQUENCING DATA

An important agpect of the launch release problem is the sequence
of events. Variations in ignition or launch release times can have con-
siderable impact on the ensuing structural loads.

The nominal 1ift-off sequence for the Apollo Saturn V wehicle is
shown in Fiéure 8. The sequence begins at ~5.4 seconds by an accurate
timing dévice, although nothing significant to the structural simulation
occurs until 0.0 second. Because the Saturn V first stage has five en-
gines, the ignition signals are planned nominally to have as little dy-
namic effect as possible on the launch release. This is accomplished by
staggering the start times to minimize Jlongitudinal excitation and
torques or side forces applied by the thrust buildup. Figures 8 éﬁd 9

illustraﬁe how this is accomplished. Eﬁgine 5, the center engine,
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recelves the ignition signai at 0.47 second. The remaining engines are
nominglly ignited in diametrically opposing pairs at 0.3-second intervals
thereafter. At 3.5 seconds the chamber pressures of all five engines are
sensed, and if all have attained 90 percent of nominal thrust, a launch
commit signal is given to retract the hold-down arms constraining the
vehicle to the pad. These arms nominally release 6.22 second after the
commit signal, or at 3.72 seconds.

Although the timer is exceptionally accurate, the sequence is
never exactly nominal due to time variances in actual engine ignitioms,
and hold-down arm retraction after the signal has been transmitted.
Enough data, hOWever; have been attained through tests to describe the
probaﬁility distributions of these time variations. Variation in igni-
tion time of each engine is described by its probability distribuéion in
Figure 10. The distribution is ﬁormal with a mean of 0.0-second time
variation from the nominal sequence time and a standard deviabtilion of
0,055 second from the mean. The probability distribution of launch
release delay (time from launch commit to hold-down arm retraction) is
shown in Figure li. As indicated, the ncminal launch release time is
3.72 seconds, which represents a mean of 0.22 second in launch release

delay.
II. PRCPULSION DATA

A means of statistieally describing the thrust buildup of the
Saturn V engines at first appears remoie because of variation in igni-

tion time, buildup slopes, and maximum thrust. However, a close
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investigation of the buildupqcharacteristics reveals a characteristic
shape to the curve. It is this Ch&facteristic or nominal shape
(Figure 12) and statistically described variations from it that permit
thrust buildups to be constructgd for the Monte Carlo study.

The buildup curve of Figure 12 is characterized in the following
manmer. The time t2 is determined from ?he sequence statisties al-
ready described. The first portion of the buildup (from A to B) varies
little from engine to engine. The buildup from B to C is marked by a -
rapid buildup rate Rl, which varies from engine 4o engine. Once again
the buildup is marked by e characteristic plateau (C-D) before entering

another rapid buildup portion (D-E)} with rate R The last portion of

o°
the thrust buildup (E-F) is a leveling off to the maximum thrust. The
probability distributions used with ignition sequence distributions to
construct the thrust buildup curves are’ shown in Figures 13, 1k, and 15.
Figures 13 and 14 show the distributions of the rates Rl and RE’ re-
spectively., Figure 15 gives the distribution of maximum thrust.

Another important factor in the construction of thrust magnitudes
is thrust direction. All five engines are nominally directed so that
their thrust at ignition will act parallel to the longitudinal axis of
the wvehicle. Through an accurate measurement of many engine aligrments
after vehicles have been stacked, enough data have been gathered to con-
gbruct a statistical distribution of engine alignments. These alignu.
ments are expressed in terms of two actuator positions for each engine

(Figure 9). The vectors indicate the direction of a positive engine

alignment for each actuator positioﬁ. Lakeral components of thrust



16

vectors would then be directed in the opposite direction. The available
data on alignments indicate that they are similar for hoth actuator-

positions. The date are represented by its probability distribution in
Figure 16 which is used for both actuator positions and for each of the

five engines.
IIT. WIND DATA

Probably the most important influence on the launch release lat-
eral loads is that of surface W}nds. The lateral drag and wind-induced
vortex shedding are largely responsible for the lateral loads at the-
base of the vehiele., It is the guick release of these constraining
forces that causes the dynamic response of the vehicle at 1ift-off.

The wind data are based on 1k years of anemometer data collected
in the Cape Kennedy area. In order to establish the wind forces on the
vehicle, it is fir;t necessary to establish wind direction, gust char-
acteristics, and a windspeed-altitude profile. The windspeed-altitude
profile is established by an empirical formulation. Because the earth
surface exerts a frictional force on the lower layers of the atmosphere,
the speed-altitude profile is usually determined from the "power law"

eguation
(21)

where VW is the windspeed at height h and VW
R

a reference height hl. The exponent P is a function of windspeed and

is the windspeed at
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ground roughness. For design purposes and for this thesis a value of
0.2 is used. An example of this win&sPeed—altitude profile is shown in
Figure 17(a). - |

In . addition to the steady-state wind profile, a time history gust
shape must be assumed. This gust shape (Figure 17(b)) is représented by
a wedée with linear increase to the peak wind in 2 seéonds and a linear

"decay to steadﬁhstate wind in 2 seconds. Substantiazl data indicate'that
a design gust factor of 1.h for all altitudes is advisable and is usea
in this study. Actually, since it is difficult to determine steady winds
from anemomefér data, there are more statistical datas for peak winds.
Therefore, a peak wind at a reference height is first selected from its
probability diétribution. This wind is then divided by 1.4 to determine
a steady-state wind at the reference height. Using this information with
Figure 17(a) results in a windspeed-altitude-time profile. The proﬁ»
ability distribﬁtibn for peak winds at an altitude of 60 feet occurring
during a l-hour exposure period for an annual reference period is shown
in Figure 18. Although these data provide enough information £o es—
fablisﬁ a wind profile, an importanf effect on the loads is the actuai
time at which the peak wind occurs. After a discussion of the problem
with £he wind analysis group at Marshail ﬁpace Flight Center, a decision
was made to use the nominal lift-off time as the mean peék wind time

and assume the time to be distributed normally with a standard deviation
of 0.5 second from the ﬁean. The probability distribution for the time
of wind peak is shown in Figure 19. The remaining characteristic needed

to define the profile (wind direction) is described in terms of its
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probability distribution in Figure 20. Another important effect due

to the wind is that of Von Karman vortex shedding. .This effect results
from "shedding" of vortices at critical windspeeds. When the frequency
with which the vortices are shed is close to a natural frequency of the
canti}evered vehicle, dynamic motiop is excited. The extent of vortex
shedding on the Saturn V has been estimated from wind tunhel tests and
the dynamic characteristics of.the vehicle. The magnitude has been
expressed in terms of bending moments at the base of the vehicle and is
a function of both steady-state wind and direction. Because of the
difficulty in expressing vortex gshedding forees, an approximation must
often be assumed. For this study, vortex shedding is represented by a
force acting laterally on the vehicle at its center of pressure. Tis
magnitude is that required to produce the test-determined base bending
moment for a given steady-state wind and direction. Although the re-
sultant vortex éhedding loads is a low-frequency sinusoid (£ = 0.3 Hz),
it is expressed conservatively as a constant force at the center of
pressure normal to the wind direction at the time of 1ift-off. The plus
or minug direction of this normal force is determined randomly by the
flip of a coin. The vortex shedding force versus steady-state windspeed

and direction curves are shown in Figure 2].



CHAPTER VI
METHCOD OF SOLUTTON

The determination of launch release strucéural loads is compli-
cated not only by complex input data, but by the dynamic transition of
the structure from s cantilevered to a freé-free gtate. Although several
approaches are possible for the solution to such a problem, the following
was chosen, As desceribed in Chapter IIT, two sets of orthogonal modes
and frequencies were first calculated — one set for the vehicle canti-
levered from the launch pad and the second for the same vehicle free-
free. As illustrated in Figure 22, the external force time histories are
first applied to the centilevered vehicle and the dynamic response and
loads are recordéd until lift-off. ?he time histories of the constrain-
ing shear, axial force, and'bending moment a2t the base of the launch ve-
hicle are alsc calculated during this period.

The next step (Figure 22) is to apply to the free-free structure
the same external forces plus the calculated base constraining forces
(equal in magnitude but opposite in sign). In this way, the cantilever
response is simulated by the free-free s?ruéture and constraining forces.
The free-free similation is allowed to continue until after lift-off by
removing the constraining forces at the time of launch release. The con-
straints are removed by a linear decay to zero in 0.02 second. This ap-
proximates the actual {ime necessary to remove all constraining forces
from the hold-down arms. The CM/SM interface loads are then calculated

from the free-free fe5ponse.
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I. CCMPUTER SOLUTION

Until now the discussion has been entirely theoretical without re-
gard to the most practical aspect of the problem, the mechanization re-
quired to apply the theory and to obtain the desired results. This is
achieved through the use of three electrogic computer programs pro-
grammed for the Univ-ac 1108 digital computer. Two of the programs were
developed for general purpose studies by NASA contractors and are us.ed

without modification in this analysis. The third program was develdped

specifically for this study.
II. RANDOM INPUT GENERATTON

The random input generator program (Reference L) accepts as inputs
the probability distributions déécribed in Chapter V and, by use éf a
random number generator, produces the desired input for each case. The
program is an operational general purpose program. As such, its oper-
ation and theory in selecting truly "random" nmumbers are accepted with-

out detailed discussion. The program is denoted by "RIG."
ITT. FORCING FUNCTION GENERATOR

Developed especially for this study is the "SETUP" program. The
program accepts as input the data randomly generated by "RIG." It applies
the theory described in Chapter V to this data and outputs, on eards, all
of the force time histories necessary to complete a forced response case.
The program was checked with desk ecalculator computation. Detailed de-

scription of "SETUP" is given in Appendix B.
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IVv. FORCED RESPONSE PROGRAM

The third program employed in the snalysis is that used to solve
the equations of motion (Cﬁapter II) for dynamic responses and the loads
equations (Chapter IV} for CM/SM interface bending moment. "“THe! program
is called "FLAP" (Flight Loads Analysis Program). This progrem wes de-
veloped by North American Rockwell 6orporation by modifying the program
"DEMR" (Reference 4) to incluée the loads equations of Chapter.IVw The
program accepts as inputs either the cantilevered or free-free orthogonal
modes discussed in Chapter IIZ. The modal data input on magnetie tapg
was provided by North Amefican Rbckwall. The program slso accepts'the
force time histories from "SETUP" on cards. Using these inputs, the
program cgleulates rigid and elastic motions and accompanying time his-
tories of bedy loads.

The flow chart showing the use of the aforementioned computer pro-

grams 1s shown in Figure 23.



CHAPTER VIT
NUMERICAL PROBLEM

To illustrate best how the force time histories agre set up from
the input data and how the launch Yéhicle responds to these forces, & nu-
merical problem has been selected and the details of its solution are
presented in this chapter.

The case selected as an example results in a maximu CM/SM bending
moment of 1.2 x 106 in-1b; a load which was eXceeded no more than b per-
cent of the time in 200 cases. Table II iliustrates the random input
data selected for this case by "RIG" from the probability distribubions.
The first five numbers are the variations from the nominal ighition times
selected from Figure 10 f;r each of the five engines. Engines 2, 3, and
5 ignited early while engines 1 and U4 ignited late. The next five data

points selected from Figure 13 are the buildup rates R for engines

1
1 through 5, respectively (Figure 12). UNote the rapid buildup rate of
engine number 2. The next five numbers in the table are the buildup
rates R2 (Figure 12) for each of the five engines which were selected
from Figure 14, The maximum thrust values for each of the engines con-
stitute the next five data points in Table II. The distribution from
which they were selected is shown in Figure 15. Tﬁese randomly selected
ignition times, slopes, and maximum thrust, together with the fixed
thrust characteristics of Figure 12, result in the thrust buildup curves
shown in Figure 24. The randomly selected alignment angles of each of

the engines actuator positions were selected from Figure 16 and are also

ghown in Table II.
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They are used with the thrust buildup curves and the "SETUP" pro-
gram to establish p;opulsion force time histories to be applied to the
structural model. These forces and moments are applied in "FLAP" to the
translational and rotabional degrees of freedom bf the launch %ehicle

L e
thrust structure.

The wind cheracteristics, the next three data points in Table II,
were selected randomly from their probability distributions (Fig~
ures 18, 19, and 20). The wind at the 60-foot reference height peaks
at 28.h knots from a steady-state condition of 20.2 knots (Chapter V).
The wind peaks 0.2% second after the nominal launch release time and is
blowing from an easterly direction (6 = 85.5° from the north). 'Although
the wind profile is now defined in a form shown in Figure 1T, the
lateral drag forces must be distributed along the structural model of
the vehicle in lumped fashion. Draé loads are applied to 16 locations
along the vehicle where y and 2z lateral degrees of freedom have
been retained in the structural model. "SETUP" uses the wind direction
speed and time of peak to break the drag into 32 force time histories,
16 each in the y and z directions at these nodes. A vortex shed-
ding lateral force of 14,000 pounds was selected from Figure 21 using
the peak wind and wind direction data-aiready selected. As indicated
in Chapter V, this force is normal to the drag force and is applied for
convenience to the structural node closest to the vehicle center of
pressure. One of two possible normal directions was selected randomly,
resulting in the vortex shedding components. The only remaining data

point to be randomly selected is the launch release delay. The delay
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selected from the distribution (Figure 11) was 0.22 second, resulting

in Jaunch release at 3.72 seconds. -Together with the modal data de—
scribed in Chapter III, this completes the required inputs to the "FLAP"
prograﬁ. Because forees such as wind drag are not zero at the initi-
ation of the case, an initial condition subroutine of "FLAP" is employed.
This subroutine calculates the modai deflection of each mode required

to balance initial férces such that there are no initial accelerations.
The vehicle response at lift-off to the force time histories and release
for this case is shown in Figures 25 and 26. Figure 25 illustrates the
axial (x) and lateral (y and z) components of acceleration of node 3,
which is that of the structure of the command module (Figure 2).

Figure 26 shows the time histories of the CM/SM interface axial force and
pitech and yaw components of bending moment. The response before lift-off

is small and is not shown in the figures.



CHAPTER VIII
RESULTS
I. MONTE CARLO RESULTS

The peak resultant bending moments for 200 cases were first tapu—
lated and then ordered from lowest to highest as indicated in Table III.
Also shown in the table is the percenkage of cases that were less than
or equal to each case. Thus, for example, 75 percent of the peak benéing

moments were less than or equal to 0,656 x 106 in-1b. From the Eable a
s
cumulative distribution function of MR (maximum bending moment X 10_6)
' max
was constructed as described in Appendix A. This function is showm in

Figuée 27. The distribution function is plotted on normal-probaebility
paper which d?splays data with a normal distribution as a straight line.
The closeness of a plot to s straight line on normal-probability paper is
a meagure of the closenegs of the distribution of the data to a normal

distribution. Figure 27 is indicative that the- distribution of Mﬁ
» max
does not elosely fit a normal distribution. The ¥  test for good-

ness of fit (Appendix A) was therefore not attempted with distribution

of Mﬁ . Instead, the distribution function for log (MR ) was cal~
max max

culated and is shown in Figure 28. Note that log (MR ) straightened
max )

the tail of the cumulative distribubtion function of MR . The sample

max
mean and standard deviation for log (MR )} were caleulated and the
max
assumed normal distribubtion function plotted in Figure 28. The x2

test described in Appendix A was applied to investigate the hypothésis

that log (MR ) is normally distributed. The results of the test
max .
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{Appendix ) indicate that the hypothesis of a normal distribution is
acceptéble. The maximum bending moment at the CM/SM interfaée therefore .
follows the normal-probability lew after the logarithmic transformation.
Such functions are said to be lognormally distributed.

Before debtermining the design load, an acceptable launch success
criterion must first be established. Assume that the design load shall
be that which would not be exceeded 99 times out of 100 launches. The
90-percent value of log (Mﬁ } from the normal distribution in Fig-
ure 28 is 0.4, This represeﬁzz a bending moment of 1.5 X 106 in-1b.

Thus, 1.5 % 106 in-1b is the point estimate for a load which shoula not

be exceeded more than 1 percent of the time. The precision of the point
estimate may be evaluated by means of a confidence limit, The theory
required to Jjustify the confidence limits for point estimates may be found
in advanced statistics tests and is beyond the scope of this thesis.

It is mentionea only to indicate that in practice, a design load should
be determined. from both thg-load distribution function and such a confi-
dence limit. Since vhat is sought -is a design load, & cne-sSided confi-
dence limit would be required, The one-sided confidence limit for a given

load level determines a load guantity which is almest always greater than

the given load level. TFor example, ccnsider the probability statement
Pr | M < M| = 0.
M99 <M] = 095

This one-sided confidence statement means that the true, unknown
99-percent load is less than or equal to M with 95-percent confidence,

The procedure for calculating M with an assumed knowledge of the
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underlying prdﬁability distribution (in this case normal) is called
parametric. The parametric 95-percent confidence limit for the 09-
percent point estimate of log (Mﬁ ) is 0.516. Taking the antilog,
max
M = 1,68,

Bmax _

Thus, if this confidence limit were considered, we could say that
our point estimate of a 99-percent load is 1.5 x 106 in-1b, and in addi-
tion we have 95-percent confidence that the real 99—percent load is less
than 1.68 x 106 in-1b. The consideration of confidence limits is common
in engineering design and therefore a likely choice for the design bend-
ing moment would be 1.68 x 106 in-1b. Before comparing this to a design
load obtained by the current method of solution, a discussion of the ac-
companying CM/8M interface shear and axial loads is necegsary, for al-
though this interface is bending moment critiecal, it is impossible to
design a structural interface without a complete description of lo;as.
The results of the 200 individual simulations indicate that the range of
axial loads for all cases were all similar and varied from 22,000 to
30,000 pounds compression at the time of maximum moment. Therefore, the
structure should be designed for a bending moment of 1.68 x 106 in-1b and
this range of axial force. While the interface structure is sensitive to
ranges in bending moment and axial load? it is less sensitive to varia-
tions in lateral shear load. Nevertheless, design shear load musi ac-
company the combinsation of bending moment and axial load. The CM/SM
shear load ranged from 0 to 10,000 pounds in the 200 cases. Because of
the large vehicle bending characteristics, bending moments were often
accompanied by little or no shear. Therefore, the designer must consider
the entire range of shears together with the range of axial loads -and the

design bending moment.
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Although this thesis considers only the CM/SM interface design
load, a similar procedure would be followed for all other critical inter-

Taces.
IT. CURRENT DESIGN METHOD RESULTS

In order to compare the Monte Carlo results with those obtained
by the eurrent method of solution, a "design" case was run using the same
structural model and the current method. A brief description of the
method follows.

The design bending moment is obtained by root-stm-squaring the time
h%stories of loads from three separate cases. 7The first case calculates
launch release loads resulting from application of a design wind profile.
The second case 1s the launch release response of the vehilele to a design
unsymmetrical thrust buildgp. Tﬁe third case is the response to design
engire alignment forces. The third case is a second order effect compared
to the first two and was combined with casé two for this thesis.

The current design criteria specify that the vehicle must be de-
Signed to launch in 95-percent winds. Tﬁese wind loads are for conserv-—
gtism to be accompanied by the maximum vortex shedding load. This
resulteﬁ in a peak wind of 25.2 knots and a vortex shedding load of
57,700 pounds. For case two; the ceriteria specify the maximum unsymmet—
ric thrust buildup to be constructed in such a way that a maximum thrust
induééd torgue be applied to the base of the vehicle by a combination of
ﬁhe +99.73=-percent engine start times, buildup slopes, and maximum thrust

values for the five engines. The design alignment is specified by using
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the 30 values of the normally distributed thrust alignment. The fol-
L) 3
lowing equation is used to define the aligrment for each of the five

engines.

Design engine deflection = ;—-630

- NEY
where n indicates tﬁe mumber of engines (5) and 830 is the 30
alignment defined in the input data. Both cases were run using the same
struectural model and programs used for the Monte Carlo cases. The maxi-
mun moment resulting from the root-sum-square of the two cases was -
2.97 % 106 in-1b. The current method specifies the accompanying design
shear load be a range from 0 to maximum shear resulting from the design
case, or 0 to 11,000 pounds. The current method also spécifies that the
range of axial lcad be defined by the peak-to-pesk axial forces at the
time of maximum moment. This resulted in a range of 22,000 to

30,000 pounds compression.
ITIT. MONTE CARLO AND CURRENT CRITERIA RESULTS COMPARISON

Although the current design criteria consider a 95-percent wind-
speed profile, the inclusion of maximum vortex shedding load regardless
of windspeed or direction and maximum applied toréues due to unsymmetric
thrust buildup results in a design bending moment with a wvery low proba-
bility of exceedence. for example, the value of 2.97 x 106 in=-1b obtained
by the current design method was not once exceeded in the 200 Monte Carlo
cases. Comparing log (2.97), or 1.09, with the normal distribubion in

Figure 28 shows, in fact, that we would not expect this load to be
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exceeded at least 99.99 percent of ﬁhe time. This is nol surprising,
particularly in view of the unlikely (if not impossible) combinat?on of
wind and vortex shedding load; the latter is considered currently to be
maximim regardless of windspeed or direction.

AMthough the bending moment varied considerably, the ranges of
axial load and shear to be considered were similar for both the current

and Mcnte Carlo methods.
IV. CONCITSIONS AND RECOMMENDATICNS

The foregoing discussion resuits in the following conclusions.

a. A Monte Carlo method to determine a 1ift-off design bending
mement at the CM)SM interface is feasible and results in a lognormal dis-—
tribution.

b. The current design method apparently results in a conservative
design bending moment.

¢. The Monte Carlo Method ;an erase some of this conservatism
from the designs and still produce a realistic design load with confi-
dence.

In view éf the above conclusions and the fact that this thesis
constitutes a feasibilily study only, the following recommendations are
made.

a. The Monte Carlo Method should be pursued further as a logical
approach to the determination of lift—off design loads.

b. The theory and application of confidence limits for point

estimates should be investigated thoroughly in such an analysis.
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c. Attempts should be made to determine correlation between inﬁut
parameters and the resulting loads. For example, greater launch day

operabional capability could be provided if it were discovered that high

loads result only from a combination of specific windspeed and direction.
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TABLE I.- LUMPED MASS MODEL COORDINATES AND DEGREES OF FREEDOM

3l

Node

Coordinates, in.

Degrees of freedom rebained

X Y Z X Y A b 8% |

1 k209.5 0.0 0.0 1 3 — _— e
2 hos52.5 .0 . .0 L 6 - — —
3 | 3198.5 -.56 6.64 7 8| 9 [10 | 11 {12
b | 3749.5 .0 .0 13{ 4| 15 |16 | 17 | 18
5 3586.8 .035 221 19 20 { 21 - 22 23
6 361k.0 48.31 6.58 2l 25 | 26 —-— _ _—
T 3665.0 48.31 6.58 - 27 | 28 _— —_— —_
8 | 3716.8 48.31 6.58 - 29 ] 30 | —— | — -
9 3614.0 1k.83 L7.75 31 32| 33 — — _—
10 3665.0 14.83 h7.75 - 3k | 35 - — _—
11 3716.8 14.83 47.75 _— 36 | 37 _— — -—
12 361k.0 ~h8.31 -6.58 38 39 | ko _— _— —
13 3665.4 ¢ | -L8.31 -6.58 - b1 | ko _— _— —_—
1k 3716.8 -48.31 -6.58. —_— k3 | 4y —_ ] - —
15 3614%,0 -1k.83 -47.75 L5 hW6 | bt - _— -
16 {3665.4 | -1h.83 | -hr.7s | - | w9 | - | — | __
17 3691,1 -14.83 =L47.75 - |- 50 ] 51 - _— _—
18 | 3596.0 .0 .0 52 53154 |55 | 56 {57
19 3397.6 .0 .0 58 59 | 60 — -_— -
20 3307.6 .0 54.0 61 62 | 63 — 6l 65
21 3316.3 .0 -54.0 66 67 | 68 - 69 T0
22 | 3316.3 | -54.0 .0 Ll 72 {73 | - {14 |75
23 3316.% .0 .0 76 TT | 78 —_— - -
2 3316.3 54.0 .0 79 8o | 81 - 82 83
25 3341.2 .0 .0 84 85 | 86 87 88 89
26 3258.5 .0 90 91 { 92 93 ok 95
27 3101.0 .0 .0 96 o7 | 98 99 —_— _—
28 | 2832.0 .0 .0 200 | 101 {102 103 -— -—
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TABLE I.- LUMPED MASS’MODEL COORDIN@TES AND DEGREES OF FREEDOM - Coneluded

Coordinates, in Degrees of freedom retained
Node
X - Y Z X Y 7 |8 O] 9
29 2832.0 0.0 0.0 104 —— — - - -
30 2832.0 .0 .0 105 —— - — - —_
31 2646.0 .0 .0 106 | 107 | 108 - -t -
32 | 27h7.0 .0 .0 | 109 {110 | 111 | 112 | 113 | 11k
33 | 2519.0 0 .0 115 | 116 | 117 {118 | — | -
3k 2387.0 .0 .0 119 | 120 | 121 | 122 —_— —
35 2117.0 .0 .0 123 | 124 | 125 | 126 | -- -
36 | 1848.0 .0 .0 127 {128 | 129 [ 130 | - | --
37 1848.0 .0 .0 131 - - - - —_—
38 | 18L8.0 -0 .0 132 f wm | == | = | =) —
39 | 1760.0 .0 .0 133 13k [ 135 | 136 | — | --
4o 1664.0 .0 .0 137 (138 | 139 | 1ko | 1k1 | 1k2
b1 1564.0 - .0 .0 143 | 144 { 1hs5 | 146 | 147 | 148
ko 1h01.0 .0 0 149 | 150 | 151 | 152 - —
43 | 1156.0 .0 .0 153 | 154 } 155 [ 156 | -- | -
v 912.0 :0 .0 157 | 158 1159 {160 [ —~ | ~--
45 912,0 .0 .0 161 - _— - - -
b6 757.0 .0 .0 162 | 163 | 164 | 165 | — | -
L7 602.0 .0 .0 166 | 177 | 178 | 179 - —
48 | 365.0 .0 o | ol e | -] —
kg 365.0 .0 .0 17k - - — —_— —
50 100.0 .0 .0 175 | 176 { 177 | 178 | 179 | 180




Peak windspeed

Wind direction
Wind peak time

TARLE IT.- EXAMPLE RANDOM IWPUT DATA
Variation in engine 1 ignition +time 0.0017L sec
Variation in engine 2 ignition time ~.0185 sec
Variation in engine 3 ignition time -.0191 sec
Variation in engine L ignition time .0k sec
Variation in engine 5 ignition time -.0hT6 sec
Engine 1 buildup rate, R; k00 x 102 ib/sec
Engine 2 buildup rate, Ry 11,76 x 6 1b/sec
Engine 3 buildup rate, Rl k.99 x 6 1b/sec
Engine k buildup rate, R, ) T.6k x 6 1b/sec
Engine 5 buildup rate, Bl 5.58 x 10~ 1b/sec
Engire 1 buildup rate, R, 1.69 x 2 1b/sec
Engine 2 buildup rate, R, 1.73 % 1b/sec
Engine 3 buildup rate, R, 1.4 x 2 1b/see
Engine 4 buildup rate, R, 1.81 x 106 1b/sec
Engine 5 buildup rate, 32 1.32 % 6 1b/sec
Engine 1 maximum thrust 1.50 x 107 1b
Engine 2 maximum thrust 1.51 x 10% v
Engine 3 maximunm thrust 1.52 % 106
Engine 4 maximum thrust 1.52 % 106 1b
Engine 5 maximum thrust 1.50 % 106 1b -
Engine 1 actuator 1 misalignment 0.00835 radian
Engine 1 actuator 2 misalignment 0.00820 radian
Engine 2 actuator 1 misalignment 0.00139 radian
Engine 2 actuator 2 misalignment 0.00468 radian
Engine 3 actuator l-misalignment 0.00518 radian
Engine 3 actuator 2 misalignment 0.00736 radian
Engine U actuator 1 misalignment 0.00L467 radian
Engine 4 actuator 2 misalignment 0.00451 radian
Fngine 5 actuator 1 misaligmment 0.00685 radian
Engine 5 actuator 2 misalignment 0.0029 radian

28.39 knots
85.5 degrees from N
3.96 sec

36




TABLE III.- ORDERED LOADS

37

CM/8M

oM/SM
Cumulative interface Cumulative interface
probability, bending moment, probab ility, bending moment,
percent ine1b x 10_6 percent in-1b x 10-6
0.5 0.181 i7.5 0.3%9
1.0 .189 18.0 .3k9
1.5 .196 18.5 .352
2.0 .209 19.0 .353
2.5 .21 19.5 .359
3.0 .215 20.0 .362
3.5 .231 20.5 .36k
4,0 .232 21.0 .368 -
k.5 .233 21.5 .373
5.0 234 22.0 .379
5.5 .2L8 22,5 .380
6.0 .26k 23.0 .386
6.5 269 23.5 .387
7.0 .273 2.0 .389
7.5 .273 24,5 .389
8.0 .284 25.0 .390
8.5 .290 25.5 .390
9.0 .29k 26.0 .390
9.5 .308 26.5 .393
10.0 .310 27.0 .39%
10.5 .312 27.5 .395
11.0 .313 28.0 398
11.5 315 28.5 Loo
12.0 .320 29.0 k0o
12.5 .320 29,5 o8
13.0 321 30.0 Q12
13.5 .325 30.5 Jhlo
1k.0 .328 31.0 12
14,5 .329 31.5 a3
15.0 <337 32.0 15
15.5 .339 32.5 J16
16.0 .34k 33.0 419
16.5 342 33.5 420
17.0 .346 34,

L21




TARLE TII.- ORDERED LOADS - Continued

38

cM/8M - . CM/SM
Cumulative interface Cumulative interface
probability, bending moment, probability, bending moment,
percent in-1b X 10—6 percent in1b x 10—6
3k.5 0.ko2 52.0 0.515
35.0 o8 52.5 .519
35.5 .h32 53.0 . 519
36.0 135 53.5 .521
36.5 436 5h.0 522
37.0 436 sh.5 .522
37.5 437 55.0 . 523
38.0 437 55.5 527
38.5 JAha 56.0 .53L
39.0 TS 56.5 .53h
39.5 R g 57.0 . 540
k0.0 Lkt 57.5 . 5k0
4o.5 k8 58.0 .5h5
4.0 451 58.5 .5k8
41.5 51 59.0 .550
k2.0 456 59.5 .551
42,5 bs56 60.0 .551
43.0 5T 60.5 . 556
43.5 L1460 61.0 .558
bl 0 161 61.5 . 560
Lk, 5 165 62.0 . 562
L5, 0 70 62.5 .563
k5,5 J72 63.0 . 564
k6.0 473 63.5 . 565
L6.5 b8 64.0 .570
Lt.0 79 6h.5 .570
k7.5 .hoh 65.0 .571
L8.0 495 65.5 572
18.5 JRITs] 66.0 .583
h9.0 . 501 66.5 .585
k.5 . 502 67.0 . 587
50.0 . 505 67.5 .587
50.5 .508 68.0 .588
51.0 .512 68.5 . .589
51.5 .51k 69.0 .590




TABLE III.- ORDERED LOADS - Concluded

CM/SM M/sM
Cumuletive interface Cumiiative interface
probability, bending moment , probability, bending moment,
percent fe1b ¥ 10-6 percent inelb ¥ 10—6

69.5 0.59k 85.0 0.727
T70.0 .603 85.5 LTH1
70.5 .608 86.0 .766
T1.0 611 ‘ 86.5 771
71.5 612 87.0 LT8T7
T2.0 .61k 87.5 .789
72.5 .61k 88.0 . 799
73.0 .630 88.5 .8o1
3.5 .637 89.0 .805
4.0 .639 89.5 .829
Th.5 654 90.0 .839
75.0 .656 90.5 .8L8
5.5 - .66 91.0 .858
76.0 671 ‘ 91.5 .891
76.5 .6TL 92.0 .8ok
77.0 : .682 92.5 .922
T7.5 686 93.0 1.022
78.0 .686 93.5 1.023
78. .686 9.0 1.053
79.0 687 ok.5 1.117
7945 697 : 95.0 1.202
80.0 .698 95.5 ‘ 1.213.
80.5 .699 96.0 1.27h
81.0 .T00 96.5 1.283
81.5 . 706 ~ 97.0 1.k08
82.0 .709 97.5 1.535
82.5 LT1h 98.0 1.554
83.0 .T18 98.5 2.305
83.5 721 99. 2.1455
8h.0 .T26 99.5 2.536
8h.5 127 100. 2.860
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APPENDIX A
THE MONTE CARLO METHOD

A Monte Carlo method is generally described as one in which g
given problem i1s simulated by some -suitable random process & Mo"re spe= -
¢ifically, it may be defined: in application to this thesis' as the sta-
tis.t:i.'ca.l determination of & lift-off design load where the input data are
first selected at random and the output data (structural loads) are then
analyzed stabtistically. Random input data’'are selected and loads cal--
culated for many cases in order to obtain a sample of'outpuétdata ade-’
quate to define. its distribution. In order to conduect and understend " ~
the results of- such a study, a few principles of probability are neces-’
Sary and ‘are derived- below.

- Let the one-~dimensional sef’ "A- be such that

'ff(x)da'c=1 . f(x) >0
(\

for all x in A and (x)- has, at most, a finite number of disconti-
nuities in every finite interval that is a subsebt of A.
If A -is the sample space of the random variable X, and if the

probability that X is in A is defined by f f(x)ax, then X is a
A
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continruous~type random .variable with a probablility density function

(p.d.f.) F(x). The cumlative distribution function F_ is nov Gefined.

x
F, = PriX < x} =f f(x)dx

Since f(x) > 0, F_ is a nondecreasing function.

Buppose now that x dis one of the inputs to the problem and is
described by its distribution function Fx' Assume also that to solve
the problem it is desired to make n simulations requiring =n random
variables Xl’ P Xn from the distribution function Fx' To obtain
a random sample of the variable X, it is sufficient to obtain a random
sample of a variable Y, which is uniformly distributed over the interval
0 to 1. This follows from the fact that the distribution function FX
of the random variable X is a nondecreasing fﬁnction ranging from
0 to 1. Consequently, FX"l(y), an inverse function, may be defined for
values of y bebween 0 and 1. Fx—l(y) is equal to the smallest value
of x, satisfying the condition that Fx 2 V.

In terms of the inverse function Fx"l(y) to the distribution
function Fx of the random variable X, the following theorem may be
stated:

Let Y Ym be independent random variasbles each uni-

1° Y2, cees
formly distributed over the interval 0 to 1. The random variables defined

X, = Fx_l(Yl) X, =T~ (YE) X = Fx_l(Yn)

are then a random sample of the random variable X (Reference 5).
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This theorem permits the selection of n random variasbles whose -
distribgtion.funcFion is known by selecting n random numbers uniformly
distributg@ between O and 1.

The same principles apply alsc to the analysislof output dsta.

The primary statistical quantity of interest in this Monte Carlo analysis.
is the probability that a given load will not be exceeded. Forr example,
it may be desired that the design load be that which would not be e?;;
ceeded 95 percent of the launches. With a finite sample size it ig im-
possible to obtain the exact 95-percent load, but a point est%mate Qf_this
quantity is poss:ible. This point estimate is o’ota:l.ned in the following
manner; If the load can be assumed to be normally distr%butea witp:mean
p and ;ariance 02 then the true 95-percent load is

F =n + K

.95 95°

The corresponding point estimate of this load 1s given by

b =F 4+ K _.8
<95 .55
where
- 1
F== F.
N &=
and
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where T is the sample meaﬁ and 82 is the sample variance. The sqguare
root of the sample variance S is called the standard deviation and N

is the number of cases in the sample. The value of the constant K.95
is 1.645 as obtained from a table of norﬁal'percentage points. The above

are unbiased estimates of the mean and standard deviation of the entire

population. The sample, variance, however, if calculated from

o

=2 3 (Fi - %")2 .would not be an uubiased estimate of the variance

i=1
of the population. The sum of the squares of deviation of the individual
sample valu;s from the sample mean results in the minimum sum of squares
of deviation. The‘sum of squares of deviation from any value other than
the mean will be larger than from the mean. Since the sample mean may
not be identical with the population mean, the sum of squares of deviation
of the individual sample values from the sample mean would be less than
the sum of the sguares of deviation of the individual sample values from
the population mean. The standard deviation of the sample, computed from
the sum of the squares of deviation divided by N would therefore be
smaller than if the sum of squares had been calculatEd-from the true pop-
ulation mean. To overcome this bias, the variance estimated from the
sample is obtained by dividing the sum 6f squares of deviation by N -1
instead of by N (Reference 6).

The statistical estimates described above are based on the assump-
tion‘that the uvnderlying loads distribution ig normal. The validity of

this assumption can be investigated by means of the x2 goodness of

fit test. The W loads should first be ordered from minimum to maximum
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values and ; cﬁmulative distribution functioﬁ plotted. Then fhe i)
loads are claésified to m mubually exclusive intervals. Thennumﬁgr of
dbservafions in each intefval is D, i=1, é; «so.y m. Then the nuﬂbe?
of expeéted observations (ei, 1=1, 2, «iu, m), which aceording to the
theoretical distribution should fall into each interval, are calculated.

The following statistic is then calculated.

2
> Em: (ni - )
S e,
, N

».

If the observed and theoretical probability distributions are
identical, the x2 test statistice is distributed according to %he
x2 probability law with m -~ three degrees of freedom. The degrees of
freedom which enter into the evaluation of x2 are the number of inde-
pendent observations that are available for its calculation (Reference k).
Thus m intervals provide m - 1 independent intervals. The expected
observations depend on the two-point estimates of the mean and variance.
Thus, the number of independent observabions are m -1 -2 =m - 3.

- If the observed and theoretieal probability distriputions are
identical, the value of the x2 test statistie will be small. The
probability of occurrence of any given vaiue of the test statistic may
be determined from a table of x2 percentage points. For example,
if the calenlated value of the test statistic for 12 degrees of freedom
ig 18.5, then the corresponding probability is 10 percent that the vari-

gtion of the observed logds from the theoretical distribution would exceed
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the calcglated variation. ev;an if the observed and theoretical distribu-~
tions were identical. TFor individusl data quanbtities in engineering
practice, the hypothesis of identical distributions is usually rejected

at the 5-percent level.



APFENDIX B
PROGRAM "SETUP"

The "SETUP" progrem is the only computer pfogfam queloﬁed specif-
ically for this thesis. Its sole purpose is to accept the randomly
generated data from "RIG" in card formab aﬁd setup forcing functions
acceptable to the "FLAP" program. Symbols used in this program are

listed at the end of this appendix.

Forces Required
"SETUP" is used for this study to setup forecing functions for the
program "FLAP" for each case. To do this it must accept randomly gener—
ated data from "RIG" and establish discrete force versus time tables.

Outputs include F

T T3
ponents of thrust acting on the corresponding degrees of freedom of the

FT , and F which are the x, v, and =z, com—
2

thrust structure. FT and FT are thrust-induced turning moments ap-
b 5
plied o the y and 2z rotational degrees of freedom at the same node.

Fp end FT are the y and z components of the vortex shedding force
6 T
applied as a constant to the node closest to the launch vehicle center of

pressure., F and F through F and F are alternately the
T8 T9 T38 T39

v and 2 components of drag force time histories a@pliéd to 16 nodes

along the vehicle.



Hquations

+ a. Wind profile, Wi versus tW

i
W, =V J1i.h t.. - 0.0
1 peak Wy
W, =W, -tw.2 = tpeak - 2.0
W3 = vineak tWS - tpeak
Wh—Wl twll’=tpeak+20
w5 = Wy &, =10.0
5
b. Thrust curves, T.,, versus ©_.
ij ij
Tii=F £33 = 0.0
Tio = ¥y B0 T Yy +\Ati
= = + .
T3 = F3 Big = Byp + 0.12
T, =F t., = t.., + (o 534 x 106/3 )
il i il i3 ' 1i
Tl5 = F5 tl5 = tih'+ 0.164
Ti6 = Fg tig = tiS + 0.2
TlT = FT t17 = ti6 + 0.22
T .= F t., =t + (p 08 x 10°/R )
i8 8 i8 . Uit ' 2i/
- ! - . + 1,
Ti9 = Foax, . tg = byp * 155
T =F T, = 10.0

il0 ~ max, il0

76
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Becaﬁée %he "FLAP" pfbgéam requires identical time tables for all
forces, the abové wind profile and thrust curves are interpolated at
50 time points. The following forece outputs ;re caleulated for each of
those time points.

c. Force outputs

The following equations are us;d tq caleulate the thrust forces at

the jth time point.

5
Fp = ;E: T3
1 &
i =

o = (-cos h5°)EPij(812 - Bll) - ng(le + 822)

*35(Ba1 = Bp) * Tus(Pur * Bup) * Tss(Pse - B51)]

o]
]

p = (-cos ’*5°)|:Ti;;(311 * B )+ Tpy(Bnp - )
“T35(Bs1 * Ba )t Tug(Buy - 342~)+ Tss(Bsa * 8522]
FTh = 128.7(Tij + Thj - Tej - TSj)

FTS = 128.T(Tij + ng - T3j - Thj)

The following equations are used to calculgte the constant compo-

nents of vortex shedding force.

FT6 = (Fvort)(Sin GW)

FTT = (FVOI':t) (C‘.OS e'W')


http:50)FT.ij

78
The remaining equatiohs in the program are used to calculate the
y and z components of aerodynamic drag at each of 16 vehicle nodes at

the jth time point

F = A.(W,)z i=11to 16
W, i\ Jj

1]
FT = (~cos 8 )Fw‘

8 J
FT = (sin BW)FW'

9 J
FT = (-cos ] )F

10 23
F = (sin ) )F

T Y7 Vas
FT = (—cos 5] )F

38 165
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"SETUP! Sywbols
coefficient to determine ith drag force from windspeed at rgferm-
ence height, Ib/knot2

nominal thrust at jth time point, 1b

maximum thrust of ith engine, selécted from Figure 15
ith force time history applied %o a vehicle node, 1b
total drag forece at ith node and jth time point, 1b

initial buildup rate of ith engine thrust, selected from
Figure 13, lb/sec

second buildup rate of ith engine thrust, selected from
Figure 1k, 1b/sec

nominal ignition time of-ith engine, sec
thrust of ith engine at jth time point, 1b
adjusted jth time point for ith engine thrust, sec

time point at which wind speed will peak, selected from
Figure 19, sec

time point associated with ith wind speed, sec

peak wind speed at the 60-foot reference height selected from

Figure 18, knots
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At

80

vind speed at the 60-foot reference height at ith time point,
knots

misalignment of ith engine in actuator position j, selected from
Figure 16, radians

variation in ith engine ignition time selected from Figure 10,
sec

direction from which wind is blowing, selected from Figure 20,

deg

¥



N

& ’
Intervals Probability g?::;:ii& ,;§3§Z§zzgy i ;‘eijg
S i
T . 0.0667 0 - 13.333 0.833
L0667 16 13.333 . .535 .
L0667 18 13.333 1.63%
10 0667 i5 13.333 .208
11 . .0667 12| 13.333 .133
12 L0667 ' 13 13.333 | .008
13 L0667 10 13.333 .833
1k L0667 6 13.333 4.033
15 .0667 13 13.333 .008 .
Total |  1.00 200 200.00 X° = 17.35

The value of the xe test statistic is therefore 17.35. Having
chosen 15 intervals, the validity of the lognormal distripggéon assump-—
tion must be determined from the x2 table of-probabilitfgﬁivels Tor
lé—— 3 =12 dégrees of freedom. From the table, the probability of
finding a xe statistic greaﬁer than 17.35 for lé degrees of freedom is
. approximately 16 percent. This means that even if'the hypothesis of
MR being lognormally distributed were correct, the probability of

mnax .

finding a x2 statistic larger than 17.35 is 16 percent. Since the

5-percent level test was easily'satisfied, the hypothesis is accepted.

NASA — MSC



APPENDIX C

THE x2 TEST OF LOAD DISTRIBUTION

The x2 goodness of fit test described in Appendix A was applied

i i

to the observed and theoreticel distributions of log (MR ) shown in
; max
- Figure 28. Fifteen discrete intervals of equal probability were used to

calculate the following XE statistic.

where n, is the observed frequency (observed number of points to fall

within the ith interval) and e is the expected frequency (expected
s I 3 200

number to fall within the ith interval, 1.e.,-j£g-L

The following table shows the calculation of the x2 statisktic.

The observed frequency was taken from the distribution function of

Figure 28.

Observed “Fxpected A %y °

Intervals Probability Prequency frequency ei
1 0.0667 11 13.333 0.408 _
2 L0667 9 13.333 1.508

3 L0667 ; 1k 7 13.333 .033

4 . 0667 0. 13 13.333 .008

5 L0667 22 13.333 5.634

6 L0667 18 13.333 1.63L
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