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SUMMARY

OBJECTIVES

To develop an effective computational method to analyze the dynamic behavior of the
shipboard antenna mast assembly when subjected to the shock environment caused by a near-
miss underwater explosion. The method should determine whether the vertical mast of the
AS-3506A/SRS-1 Combat Direction Finder (CDF) antenna assembly (ADCOCK Config-
uration) can support both the AS-3240/URN Tactical Air Navigation (TACAN) antenna and
the Joint Tactical Information Distribution System (JTIDS) antenna under the worst
environmental condition aboard a ship.

RESULTS

A FORTRAN computer program called "MASTY" was developed to analyze the shock
and vibration responses of the shipboard antenna mast assembly, which can be treated as a
vertical cantilever beam having continuously distributed mass and nonuniformly distributed
elasticity, in addition to carrying point masses. A two-part analysis procedure is implemented
in MASTY: (1) a derivation of the system's equations of motion based on the well-known
Rayleigh's method for the vibration analysis of structures, and (2) a numerical integration
scheme for the solution to the equations of motion using Kutta-Merson's fourth-order
predictor-corrector technique. The output format of MASTY is tailored so that the time-
histories of the response variables and their shock spectra can be plotted with the personal
computer code YADAP.

Two CDF antenna mast arrangements, the one with TACAN antenna alone on top of the
mast and the other with both TACAN and JTIDS antennas, were analyzed with MASTY. The
maximum responses of the two arrangements subjected to an 8-g/4-Hz idealized sinusoidal
athwartship shock at the base of the pole mast (010 level), on top of which the CDF antenna
mast assembly is mounted, are summarized in table I. The response variables included in table
I are lateral displacement, acceleration, and angular rotation at the center of gravity of the
TACAN antenna and shear force, bending moment, and the maximum flexural stress reacted at
the base of the extender tube, which is considered to be the weakest link in the whole mast.

Table I. Summary of dynamic responses for two CDF antenna mast arrangements.

Antenna Natural Athwartship Max TACAN At Base of Ext Tube Safety
Arrangement Frequency Shock Input Response Shear Moment Stress Margin

Disp/Accel/Rotation (lb) (in-lb) (psi)
TACAN Alone 4.96 Hz 8 g/4 Hz 25.4"/51.5 g/ll.4' 7,393 361,700 69,709 -0.05
TACAN/JTIDS 3.25 Hz 8 g/4 Hz 46.0"/61.1 g/19.60  14,819 967,610 186,473 -0.65
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CONCLUSION

Table I indicates that, under the shipboard shock environment considered, the modified
Version-I CDF antenna mast assembly with a Version-2 extender tube (4.615-inch outside
diameter (OD) and 0.403-inch thick) is barely able to support the TACAN antenna alone. It
cannot support both TACAN and JTIDS antennas in combination because of the excessive
bending stress developed at the base of the extender tube by the shipboard shock.

RECOMMENDATIONS

A parametric study is performed in an attempt to raise the fundamental frequency of the
system (with TACAN and JTIDS) by varying the thickness and/or the OD of the extender
tube. The results of the study are summarized in table II. Table II shows that replacing the
extender tube with a solid rod of the same OD can raise the natural frequency of the system by
only 2.06%, while doubling both the OD and the thickness of the extender tube by only
5.45%. Obviously, changing the design of the extender tube alone is not an effective means of
raising the natural frequency of the system. Better weight and stiffness distributions of the
whole mast are required. The most effective way would be to perform a design optimization
for the entire antenna mast assembly to airive at a minimum weight design that meets a lower
bound constraint on the fundamental frequency. This goal can be achieved via the "optimality
criteria approach." In the optimality criteria approach, a criterion related to the behavior of
the structure, such as the fundamental frequency in this case, is derived, and the premise is
that when the structure is sized to satisfy this criterion, the merit function (structural weight)
automatically attains an optimal value. This approach is strongly recommended here.

Table 11. Sensitivity of the system's fundamental frequency
to a design change in the extender tube.

Design OD/Thk Wt EI/L 3  System's Percent
Variation (in/in) (lb) (lb/in) Freq (Hz) Increase

Current Design 4.615/0.403 16.04 6.486 3.247
Solid Rod 4.615/2.307 50.30 12.102 3.314 +2.06
Double OD & Thk 9.230/0.806 64.14 103.776 3.424 +5.45

The computer program MASTY developed for this study has provided an effective tool to
analyze the dynamic behavior of the antenna mast assembly when subjected to shipboard
shock. The current version of MASTY, however, can analyze the dynamic behavior of the
mast in the athwartship direction (y-direction) only. It can be expanded to analyze the
responses in the other two directions, i.e., the forward (x-direction) and the vertical (z-
direction) motions.
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SCOPE OF THE WORK

The purpose of this work is to analytically determine whether the vertical mast of the
AS-3506A/SRS-1 Combat Direction Finder (CDF) antenna assembly (ADCOCK Config-
uration) can support both the AS-3240/URN Tactical Air Navigation (TACAN) antenna and
the Joint Tactical Information Distribution System (JTIDS) antenna under the worst
environmental condition aboard a ship. A FORTRAN computer program called MASTY has
been developed by Code 813 to analyze the transient response of the antenna mast assembly
subjected to 'he base motion caused by a near-miss underwater explosion, which is considered
to be the cause of the worst-case shipboard shock. A two-part analysis procedure is
implemented in MASTY: (1) a derivation of the system's equations of motion based on the
well-known Rayleigh's method (reference 1) for the vibration analysis of structures, and (2) a
numerical integration scheme for the solution to the equations of motion using Kutta-Merson's
fourth-order predictor-corrector technique (reference 2). MASTY is dedicated to providing an
efficient and accurate means of analyzing the shock and vibration responses of the shipboard
antenna mast assembly, which can be treated as a vertical cantilever beam having continuously
distributed mass and nonuniformly distributed elasticity, in addition to carrying point masses.

INTRODUCTION

As shown in figure 1, the CDF antenna assembly is mounted on top of a 14-degree tilted
pole mast, which has a squared tubular section and a uniform wall thickness and carries three
UHF antennas. The vertical mast of the CDF antenna assembly is composed of several tubular
segments with different cross sections. The lower portion of the vertical mast is a short
circular section with a constant outside diameter (OD) and a uniform wall thickness, except for
the base flange, which has a larger OD for mounting to the pole mast. The remaining portion
of the vertical mast is made of a long slender tubing that tapers slightly from the lower portion
where the CDF antenna is mounted toward the upper one-third of the mast and has nonuniform
wall thickness. The upper one-third of the vertical mast, which supports an array of dipole
antennas, is of uniform cross section and has a wider flange at the top. The vertical mast is
joined by an even more slender tubing on which a TACAN antenna assembly or JTIDS and
TACAN antennas in series are mounted. However, uncertainty arises as to whether the
current vertical mast design can support both JTIDS and TACAN antennas under the worst
shipboard shock environment (a near-miss underwater explosion).

A commercial finite element analysis (FEA) program such as ABAQUS*, which is
available on the Center-owned minisupercomputer STINGRAY, could have been used to
analyze the ship-shock response for this type of structure. But, in order to maintain self-
sufficiency and a high level of efficiency in repeated applications, a FORTRAN computer
program was developed, which is dedicated to analyzing the dynamic behavior of this partially
tapered cantilever beam having nonuniformly distributed elasticity and carrying point masses.

* ABAQUS is an FEA computer code that is a registered trademark of Hibbitt, Karisson & Sorensen, Inc.
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TACAN Antenna Assembly

JTIDS Antenna Assembly

Task Lamp

Extender Tube

e Dipole Antenna
Vertical Mast Ha ikID Heat Sinks

I i CDF Antenna

Pole Mast

UHF Antennas

S_ • 010 Level

z(Vertical)

C9 x (Forward)
y (Athwart)

Figure 1. AS-3506A/SRS-1 CDF antenna assembly with
TACAN and JTIDS antennas installed.
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The analysis procedures implemented in this program are described in the next section.
The analysis results, which include time-history plots of the response variables and their shock
spectrum analyses using a Personal Computer (PC) code YADAP (reference 3), conclusions,
discussions, and recommendations are presented in the subsequent sections.

ANALYSIS PROCEDURES

The analysis procedures implemented in MASTY consist of two parts: (1) a derivation of
the system's equations of motion and fundamental frequency using Rayleigh's method, which
models the antenna mast as a single-degree-of-freedom (SDOF) system through the use of an
assumed displacement shape compatible with the support condition of the mast, and (2) a
numerical integration scheme for the solution to the equations of motion using Kutta-Merson's
fourth-order predictor-corrector technique. These procedures are described next.

RAYLEIGH'S METHOD

Theoretically, a continuous beam has an infinite number of degrees of freedom, and thus
can displace in an infinite variety of Jisplacement patterns during vibration. To apply
Rayleigh's procedure, it is necessary to assume the shape that the beam will take in its
fundamental mode of vibration. This assumption effectively reduces a continuous beam to an
SDOF system that may deflect only in its fundamental mode. This assumption is acceptable
for the shock and vibration analysis of the shipboard antenna mast, since the underwater
explosion shock accentuates some frequency components and surpresses others when
propagating through a structural path of the ship's bull, the deck, the superstructure, and the
main mast before reaching the base of the pole mast (010 level). The motion data taken at the
base of the pole mast during the CG-53 shock trials indicated that the athwart component
(y-direction) of the motion was about 4 to 6 Hz and 8 to 12 g. This low-frequency motion is
unlikely to excite any higher vibration mode of the CDF mast than its fundamental mode.
Rayleigh's method is formulated as follows:

Consider an antenna mast, which has a flexural stiffness distribution EI(x) and a mass per
unit length distribution m(x) and carries point masses Mi, is subjected to the base motion vg(t)
as shown in figure 2. To approximate the motion of this system with an SDOF, it is necessary
to assume that it may deflect only in a single shape. Thus, the motion at any point on the mast
can be written as

v(x,t)= P(x)Z(t) (1)

in which P(x) is the shape function and Z(t) is the generalized coordinate representing the
amplitude of the motion. Typically the generalized coordinate is selected as the displacement
of some convenient reference point in the system, such as the displacement at the tip of the
mast. The equations of motion of this generalized system can be derived by the principle of
conservation of energy (Hamilton's principle), which states that the variation of the kinetic
energy (T) and potential energy (V) plus the variation of the work done by the nonconservative
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forces (W.,) acting on the system, including damping and any arbitrary loads, during any time
interval tj to t2 must equal zero, i.e.,

f 6(T - V)dt + f6 Wncdt = 0 (2)

The kinetic energy of the vibrating mast shown in figure 2 is given by

T = 1/2 f{m(x)[ý,t(xt)]2 dx + 1/2 M1 (',) 2  (3)

in which "' = dvt/dt represents the velocity vector of the total displacement relative to the
reference axis, i.e., vt = v + vg, and vj represents the velocity at point mass Mi. The
potential energy for the flexural deformation of the mast is given by

V = 1/2foL EI(x)[v"(xt)] 2 dx (4)

in which v" represents d2 v/dx2 . In the system of figure 2, there are no directly applied
dynamic loads, and damping has been neglected; thus there are no nonconservative forces to
be considered in Eq. (2). Now noting the relationships

V't = V + V g v" = p"Z v' = P'Z v=PZ

6't = b• 6Wv" = P"6Z 6v' = P' 6Z 6' = P6,

and substituting Eqs. (3) and (4) into (2), performing the indicated variations and integrating
the first two terms by parts leads to

Z(t)

S+ k*Z - p*(t)] 6Zdt = 0 (5)

in which m* =J m(x)P~dx + Mi(Pi) 2  (6a)
v(x. 1)- 0* I

k* = JEI(x)(P")2dx (6b)

L
8 me(x)I

SEI(x) X
p*(t) -g(t)[ m(x)Pdx + JMi(Pi)] (6c)

_I are generalized mass, generalized stiffness, and generalized
effective load, respectively. But since the variation Z is

- arbitrary, the term in brackets of Eq. (5) must vanish;
v, . hence the equation of motion of the generalizzd system

finally may be written
Figure 2. Antenna mast treated
as an SDOF system. m*Z(t) + k*Z(t) = p*(t) (7)
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from which the natural frequency of the vibrating mast can be obtained

f, = (1/6.2832),k*/m* (8)

NUMERICAL SOLUTION TECHNIQUE

The second-order ordinary differential equation given by Eq. (7), which governs the
dynamics of the amplitude Z(t) of the vibrating mast excited by the base acceleration 'g(t)

given by Eq. (6), can be solved numerically with the Differential Equation Solver (DEQS)
implemented in MASTY. DEQS (reference 4) is an explicit numerical integration routine
using Kutta-Merson's fouth-order predictor-corrector technique. The technique has been used
successfully in analyzing the shipboard shock simulation tests for the nosecaps of Vertical
Launch ASROC (reference 5). The solution process of DEQS begins with reducing each of
the two second-order differential equations, Eqs. (6) and (7), into two first-order equations in
terms of the state vectors Z(i), i = 1 to 4, which represent the displacements and velocities at
the base and at the tip of the mast such that

at the base dZ(l)/dt = Z(2) and dZ(2)/dt = ;g(t) (9)

and at the tip dZ(3)/dt = Z(4) and dZ(4)/dt = [p*(t) - k*Z(t)]/m* (10)

The four first-order equations in Eqs. (9) and (10) are then integrated numerically, given the
initial conditions for the state vectors Z(i), i = 1 to 4, and an initial integration time step.

A time-step optimization scheme is implemented in DEQS to effectively adjust the step-
size within a step for convergence, as well as to reduce the total number of integration steps in
the analysis. When a solution does not converge for a prescribed error-buund in a step, the
initial step-size is halved and the process is repeated, up to eight times if neccssary, until the
convergence criterion is satisfied. Once the solution converges, a second test is checked to
determine if the step-size can be doubled for the next step. This scheme would effectively
result in a time-history solution with variable time-steps.

SELECTION OF DISPLACEMENT SHAPE FUNCTION

The vibrating frequency of an SDOF system is known to have a controlling influence on
its dynamic behavior. In addition, it is obvious by inspecting Eqs. (6a) to (6c) and Eq. (7)
that the accuracy of the vibrating frequency obtained by Rayleigh's method depends entirely on
the shape function P(x), which is assumed to represent the vibration-mode shape. In principal,
any shape that satisfies the geometric boundary conditions of the beam may be selected.
However, any shape other than the true vibration shape would require the action of additional
constraints to maintain equilibrium; these extra constraints would stiffen the system, and thus
would cause an increase in the computed frequency. Consequently, it may be recognized that
the true vibration shape will yield the lowest frequency obtainable by Rayleigh's method. But,
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since the true vibration shape of the CDF mast is not known a priori, a close approximation
must be made. The CDF antenna mast resembles a vertical cantilever beam carrying a point
mass at its free-end; therefore, the deflection shape of a uniform cantilever beam carrying a
point mass at its free-end was chosen as the first approximation to the true vibration shape of
the CDF antenna mast arrangement shown in figure 1. This shape function, which was
normalized by its tip amplitude, is given by

P(x) = (x/L)2 (3/2 -x/2L) (11)

in which L represents the length of the mast, from the 010 level up to the tip of the task lamp.

Although the shape function given by Eq. (11) will render a sufficiently accurate vibration
frequency for a uniform beam, it is not the true mode shape of the antenna mast that features
segmented, partially tapered sections and carries several point masses. An improved
procedure is necessary to account for these variations. Reference 1 suggested that using the
deflection curve of the beam resulting from the static application of its own weight and the
point masses as the mode shape will yield extremely accurate frequency in Rayleigh's
procedure. This improved Rayleigh's method is implemented in MASTY as follows:

Consider the elementary theory of a beam in which the curvature of the deflection curve
for a beam subjected to the bending moment distribution M(x) caused by its own weight and
the point masses it carries can be written in terms of the differential equation

d2yst(x)/dx 2 = -M(x)/EI(x) (12)

in which yst(x) represents the lateral deflection of the beam at a point x. Eq. (12) can be
integrated once to obtained the slope of the deflection curve and again to obtain the deflection
curve, subjected to the following boundary conditions:

dyst/dx =0 atx =0
and yst =0 atx =0

Therefore, the improved shape function, which is normalized by the tip deflection of the mast
yo, can be written as

P(x) = (1/yo) J[-M(x)/EI(x)]dxdx (13)

ANALYSIS RESULTS

The validation of frequency prediction by the computer program MASTY is presented first
in the analysis results. The dynamic response of the CDF antenna mast assembly subjected to
the athwartship motion recorded at the 010 level during the CG-53 shock trials is presented
next. Two CDF antenna arrangements are evaluated for shock environment: (1) TACAN
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antenna alone and (2) TACAN and JTIDS antennas in combination. The response histories are

plotted and shock spectrum analyses are performed with the YADAP code.

VALIDATION OF FREQUENCY PREDICTION BY MASTY

First Example Problem

Two textbook example problems are presented here to validate Rayleigh's procedure
implemented in MASTY to compute the fundamental frequency of a vibrating beam. The first
example, figure 3, shows a 5-inch OD, 1-inch thick, and 250-inch long uniform aluminum
cantilever beam carrying a 50-lb point mass at its free-end. The fundamental frequency of the
system is given by the close form solution found on p. 34 of reference 1

S= (l/6.2832)] 3EIg/13[W + (33/140)w /] (14)

in which w is the weight per unit length of the beam of length 1, W is the point mass, and g is
the gravitational acceleration, i.e., g = 386.4 inch/sec2 . Evaluating the flexural stiffness El
for the aluminum tubing and substituting into Eq. (14), the fundamental frequency of the
system is found to be f, = 2.0113 Hz.

TX

IX
y

Figure 3. A uniform cantilever beam carrying a point mass at its free-end.

The frequencies computed by MASTY using the shape functions given by Eqs. (11) and

(13) are listed in table 1 to compare them with the close form solution given by Eq. (14).

Table 1. Comparison of computed frequency with close form solution for the first example.

Shape Function Computed Freq. Close Form Soln. Percent Error

Eq. (11) 2.0071 Hz 2.0113 Hz 0.208 %
Eq. (13) 2.0025 Hz 2.0113 Hz 0.437 %

As can be seen in table 1, the natural frequencies of the system predicted by the two shape

functions are very close, and they are both within 1% of the exact solution given by Eq. (14).
That the results shown in table 1 are very accurate is of no surprise because the shape function
used in MASTY, i.e., Eq.(l 1), is the exact deflection shape for the problem considered. The
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small discrepency here can be attributed to the error in the numerical integration of the
generalized properties given by Eqs. (6a) and (6b). The effect of the improved shape function
Eq. (13), which was not realized in this problem, will be demonstrated in the next example.

Second Example Problem

The second example involves the free vibration of a tapered beam fixed at one end, as
shown in figure 4. The beam has a unit width, a length I and a depth of 2b at the fixed end.
The exact solution, which can be found on p. 467 of reference 1, is

ft = (5.315b/6.283212) I E/(3r) (15)

in which E is the Young's modulus, and r is the mass density.
y

Figure 4. A tapered cantilever beam of unit width.

Let I = 30.4 inches b = 1 inch
E = 10 x 106 psi r = 0.2588 x 10-3 lb-sec2/in4

and the natural frequency of the tapered beam is f1 = 103.88 Hz.

The frequencies computed by MASTY using the first approximation and the improved
shape function are compared with the exact solution and are given in table 2.

Table 2. Comparison of computed frequency with close form solution for the second example.

Shape Function Computed Freq. Close Form Soln. Percent Error

Eq. (11) 113.71 Hz 103.88 Hz 9.45 %
Eq. (13) 106.06 Hz 103.88 Hz 2.10 %

As shown in table 2, using the deflection shape of the uniform beam, Eq. (11), to
approximate the mode shape of the tapered beam would result in a 9.45% error in the natural
frequency prediction for this example. Table 2 also shows that the calculated frequency
improves dramatically with the use of the improved shape function Eq. (13), which is the static
deflection curve of the beam derived in the program that was based upon the actual weight and
stiffness distributions of the beam.
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It can be concluded that, in order to improve the accuracy in the natural frequency
prediction and in the follow-on response calculation for the antenna mast subjected to base
motion, the static deflection curve of the mast due to its own weight and the attached masses it
carries shall be derived and used as the mode shape of vibration.

DYNAMIC RESPONSE OF THE CDF ANTENNA MAST TO BASE MOTION

The Antenna Mast Models

The cantilever beam model of the antenna mast assembly programmed in MASTY
includes four segments of antenna mast above the 010 level. They are the pole mast
vertical CDF mast, the extender tube, and the task lamp assembly, as shown in figurc
Except for the CDF vertical mast that has nonuniform cross sections, all others are of uniform
cross sections. Since the only drawings available at the time when this analysis was performed
were the outline and installation drawings for the CDF and TACAN antennas (references 6 and
7, respectively), the key dimensions of the vertical mast, such as the ODs and wall thick-
nesses, were not available. These dimensions were obtained using the ultrasonic measuremen-
of a Version-1 CDF vertical mast for a DDG 72 mast mock-up of the 010 level and above,
which was being tested at the antenna range at NRaD. The measurements were conducted by
Code 815, and the results were reported in reference 8. These measured data were used in the
analysis in lieu of the dimensions given by the engineering drawings. Figure 5 shows the
cross section view of the CDF vertical mast model constructed with the measured data.

The antenna assemblies, including three UHFs on the pole mast, the CDF and the dipole
antennas on the vertical mast, and the TACAN and the JTIDS atop the task lamp, are modeled
as lumped masses, and they are attached to their respective center of gravity (CG) locations on
the mast. Contrary to the flexible mast segments, rigid connections are assumed between the
TACAN and the JTIDS and between the JTIDS and the task lamp. The two heat sinks on the
CDF vertical mast are also modeled as lumped masses. Two antenna mast models are created,
the one with TACAN antenna only atop the task lamp and the other with TACAN and JTIDS
antennas in series. The models are fixed at the base of the pole mast, at which the base-
motion induced by a near-miss underwater explosion is to be applied.

Idealized Ship Shock Input

An idealized shock input that simulates the athwartship component (y-direction) of the
shock response data recorded at the 010 level during a CG 53 shock trial is given in figure 6a.
As shown, the 4-Hz sinusoidal motion has an amplitude of 8 g, and the motion maintains its
full amplitude for 1 second (4 cycles) before diminishing to zero in about 3 seconds. This
idealization is based on a description of shipboard shock in a Naval Research Laboratory
technical report (reference 9), which states that a typical acceleration waveform found in
shipboard shock would remain significant for about 1 second. Figure 6b shows the shock
spectrum of the input motion.
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Mast Z-axis OD Thickness
Location (in) (in) (in)

11 84.0 5.093 0.734
10 71.0 5.093 0.734

9 57.5 7.202 0.477
10 8 43.5 7.202 0.468

7 40.5 7.480 0.599
6 19.0 8.753 0.614
5 16.0 8.753 0.614
4 13.75 13.528 0.795
3 1.0 13.528 0.795
2 1.0 17.189 2.376
1 0.0 17.189 2.376

8

7

6

z

y !1

Figure 5. Longitudinal section of the CDF antenna mast model.

10



6.-

C ~2.-

.P0.

V ....-....

Time (see)

Figure 6a. Idealized acceleration waveform of shipboard shock at the 010 level.
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Figure 6b. Shock spectrum of the idealized acceleration waveform.



Output of MASTY Computer Runs

The output of MASTY computer runs for the two CDF antenna mast models subjected to
the base motion shown in figure 6a are listed in appendices A and B, respectively. Part I of
the output tabulates the physical properties of the antenna mast components, including the
weights of the antennas and the heat sink units, their CG locations on the mast, and the lengths
and flexural stiffnesses of the mast segments. The rotary inertia of the components, which
were accounted for in the formulation, were ignored in the current analyses. Part I also lists
the input data for the ODs and thicknesses at several discrete locations on the CDF vertical
mast to define its variable cross sections. Note that these locations, which are marked on the
vertical mast model shown in figure 5, correspond to the locations where the ultrasonic
measurements of a CDF vertical mast mock-up were taken and that the computer program was
written so that the ODs and the thicknesses vary linearly between any two discrete points. This
permits the tapered beams to be modeled precisely in the program.

Part II lists the material properties of the antenna mast segments, including Young's
moduli, Poisson's ratios, densities, yield, and and ultimate strengths of the material. The
section moduli of the mast segments, including those at the base of the CDF mast, are also
listed in Part II.

Part III shows the generalized properties and the fundamental frequency of the idealized
SDOF antenna mast system that were computed using the static deflection curve of the mast
due to its own weight and attached masses it carries as the mode shape. The contributions to
the generalized mass by the distributed structural mass, the point mass, and the rotary inertia
are also given in Part III.

Part IV lists the initial and final integration information on the step-size and the local
truncation error of the predicted state vector, which is used in the program as a measure to
vary the step-size in the variable-stepped numerical integration procedure. Messages will be
given here if the integration fails to converge in a step when (1) the number of times the step-
size is halved to repeat the integration exceeds eight, or (2) the last halved step-size exceeds
the pre-specified allowable minimum. This information will provide clues to either loosen the
error-bound for convergence or increase the number of consecutive times the step-size can be
halved before repeating the time integration. Note that a looser error-bound will result in a
less accurate numerical solution.

Part V tabulates the maximum and minimum values of the selected dynamic response
variables at the specific locations on the mast. The response variables listed in Part V include
the translational and rotational displacements and accelerations at the TACAN and JTIDS
antennas, which undergo maximum motions in the fundamental mode. Because of the rigid
connections assumed between TACAN and JTIDS and between JTIDS and the tip of the task
lamp, the rotations at the TACAN and JTIDS are identical to that of the tip of the task lamp.
The motion-induced shear forces and bending moments along the length of the mast are given
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in Part VI, including those at the bases of the pole mast, the CDF mast, and the extender tube,
which is considered to be the weakest link in the whole mast. The maximum and minimum
flexural stresses, which occur at the outmost fibers of the mast's cross sections at these critical
locations, are also given in Part IV. The entire time-histories of the response variables are
saved in TAPE9 for plotting and response spectrum analyses with YADA 2. A TAPE9 plot
file, with response variables written every 10 time steps, is listed in appendix C.

Dynamic Responses of the CDF Antenna Mast without JTIDS

Figures 7a and 7b show plots of the TACAN antenna's displacement- and acceleration-
time histories, responding to the 8-g/4-Hz athwartship shock for the CDF antenna mast
without the JTIDS. In general, a forced vibration is a superposition of some free vibrations of
the system and a steady-state vibration maintained by the disturbing force. Figure 7a shows
that the 4-Hz base motion forces the TACAN antenna to oscillate with an amplitude that rises,
peaks, and falls within about 1 second. The peak amplitudes in this period are 25.4-inch
displacement, 51.5-g acceleartion, and 11.4' rotation. But, the motion settles down to a free
vibration of 20 g and 4.96 Hz after roughly 2.5 seconds when the excitation diminishes.
However, it is rather difficult to visualize the content of the two frequencies in the forced
vibration phase of the time-history plots shown in figures 7a and 7b. The response shock
spectrum shown in figure 7c serves its purpose here as it clearly indicates the participation of
the two frequencies in the forced vibration phase of the response motion for the TACAN
antenna. During this phase, the shear force and the bending moment at the base of the
extender tube reach their respective maximum values of -7,393 lb and -361,700 in-lb, as
shown in figures 8a and 8b. The corresponding flexural stress is 69,709 psi, which results in a
margin of safety (MS) of -0.053. The MS is defined as

MS = (ultimate strength/max stress) - 1 (16)

in which the ultimate strength (ULT) of the material is taken to be the same as that under a
static loading condition, i.e., ULT = 66,000 psi for the 7075-T73 aluminum. It is known that
the tensile strength of material generally increases when the strain rate increases. Therefore, it
is conservative to assume that the ULT under a dynamic loading condition is the same as that
under a static loading condition. The maximum flexural stress in Eq. (16) is obtained by
dividing the maximum bending moment at the base of the extender tube by its section modulus
given in appendix A. A small negative MS of -0.053 means that the extender tube is on the
borderline of being able to sustain the shock. The maximum bending moment at the base of
the pole mast is 2,960,100 in-lb, which results in a maximum flexural stress of 33,336 psi and
a safe MS of 0.98.

It is interesting to point out that had the full amplitude of the excitation lasted longer than I
second, say 2 seconds as shown in figure 9a, the rise and fall motion between 0 and I second
shown in figures 7a and 7b, would have repeated itself before settling down to the free
vibration, as shown in figure 9b. This kind of vibration that builds up and diminishes in a
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Figure 7a. Displacement history of TACAN antenna (without JTIDS)

due to 4-Hz shipboard shock.
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Figure 7b. Acceleration history of TACAN antenna (without JTIDS)
due to 4-Hz shipboard shock.
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Figure 7c. Response spectrum of TACAN antenna (without JTIDS)
due to 4-Hz shipboard shock.
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Figure 8a. Shear force history at base of extender tube
(without JTIDS) due to 4-Hz shipboard shock.
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Figure 8b. Bending moment history at base of extender tube
(without JTIDS) due to 4-Hz shipboard shock.
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regular pattern of beats is known as "beating" in forced vibration, which happens when the
drive frequency is close to the natural frequency of the system, as is the case here. The period
of "beating," which depends on how close the two frequencies are, can be approximated by the
equation

Tb = l/(fn - f) = 1.042 second

in which f. and f are the natural frequency of the system and the driving frequency of the base
motion, respectively. This period of beating of slightly over 1 second can be clearly observed
in figure 9b.

8.
tn 6.

Co 2.

-2 .-
4 -4.

o -6.

S -8.
- 6 0 O. i. 0 1.~ 2.0 2. 3.0 3.5 4.0

Time (sec)

Figure 9a. Idealized input acceleration waveform with a 2-second
duration of peak amplitude.
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Figure 9b. Displacement history of TACAN antenna showing a "beating" pattern
during the forced vibration phase of the response motion.
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Dynamic Responses of the CDF Antenna Mast with JTIDS

With both TACAN and JTIDS antennas atop the CDF mast, the natural frequency f the
system reduces from 4.96 Hz to 3.25 Hz, as shown in appendix B. The displacement- and
acceleration-time histories of the TACAN antenna are plotted in figures 10a and 10b,
respectively, while the time histories of the shear force and bending moment at the base of the
extender tube are plotted in figures 1 la and 1 lb, respectively. With the natural frequency of
the system (3.25 Hz) now closer to the 4-Hz drive frequency of the excitation than the one
with TACAN alone (4.96 Hz), the system vibrates in the similar "beating" pattern, but with a
longer period (Tb = 1.333 second) and greater amplitudes and reacts with higher internal
loads. The maximum responses at the TACAN are 46-inch deflection, 61. 1-g acceleration,
and 19.60 rotation. The maximum shear force and bending moment at the base of the extender
tube increase to -14,819 lb and -967,610 in-lb, respectively. The maximum flexural stress is
186,480 psi, which is high above the ULT of the material and results in a high negative MS of
-0.65. This means the extender tube would definitely fail under such a high-stress condition.

Analysis results given in appendix B also indicate that the flexural stresses are quite high at
the CDF antenna location on the vertical mast and at the base of the pole mast. The maximum
stress at the CDF antenna location is 62,718 psi for a marginal MS of 0.052, while the
maximum stress at the base of the pole mast is 56,490 psi for a low MS of 0. 168. These
results suggest that these locations are vulnerable to potential failure.

Vibration Mode Shape of the CDF Antenna Mast

As described earlier, in order to improve the accuracy of the vibration analysis using
Rayleigh's method, the static deflection curve of the mast due to its own weight distribution
and the attached masses it carried was derived in MASTY and was used as the mode shape in
lieu of the first approximation. Recall that the first approximation mode shape was based on
the deflection shape of a uniform beam carrying an end mass. To ensure that the improvement
was indeed made here, the natural frequencies of the antenna mast assembly supporting
TACAN and JTIDS calculated with both mode shapes (4.13 Hz with the first approximation
and 3.25 Hz with the improved mode shape) are compared with the prediction made in a
separate finite element analysis using MSC/PAL-II* (3.19 Hz). The discrepencies are
+29.47% for the former and + 1.88% for the latter. The improvement made by the improved
mode shape over the first approximation is quite significant. The mode shapes for both
methods are plotted in figure 12, and they show that the first approximation mode shape
clearly overestimates the flexural stiffness of the mast as it bends much less over the area of
the mast occupied by the flexible extender tube (222-inch to 253-inch station). Note that both
mode shapes are normalized by the amplitude at the tip of the task lamp (at the 264-inch
station). Overestimation of the flexural stiffness would result in a higher natural frequency
prediction for the antenna mast, as indicated in figure 12.

* MSC/PAL-II is an FEA computer code that is the registered trademark of MacNeal/Schwendler Corporation.
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Figure 10a. Displacement history of TACAN antenna
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Figure 10b. Acceleration history of TACAN antenna
(with JTIDS) due to 4-Hz shipboard shock.

Dislacement (inches)
.1 E3 1 3:,. 1•. 1 . .•• .... . . ... 'i i J .... M... . ... L... ...... _ _ ._.,,,,_, _

3.47 Hz 4.05.H2 ..

,,, 100 . ' " Z• . ., _ ...

40

x 10

E0

,. "..'."".0."'Z..01

Fr;equenc~j (Hz)

Figure 10c. Response spectrum of TACAN antenna
(with JTIDS) due to 4-Hz shipboard shock.
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Figure 1 la. Shear force history at base of extender tube
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SUMMARY AND CONCLUSIONS

The envelopes of maximum shear force and bending moment distributions for the two
antenna mast arrangements subjected to the 8-g/4-Hz idealized athwartship shock, are given in
figures 13a and 13b, respectively. As shown, the extra weight at the tip of the mast and a
higher resulting motion cause the mast that carries both TACAN and JTIDS to react with
higher shear forces and bending moments along the entire length of the mast. As a result, high
stresses are encountered at several critical locations on the mast, including the base of the
extender tube, which is considered to be most critical.

Table 3 summarizes the dynamic responses of the two antenna mast arrangements. It
indicates that, under the shipboard shock environment considered, the modified Version-i
CDF antenna mast assembly with a Version-2 extender tube (4.615-inch OD and 0.403-inch
thick) is barely able to support the TACAN antenna alone. But, it cannot support both
TACAN and JTIDS antennas in combination because of the excessive bending stress developed
at the base of the extender tube by the shipboard shock.

Table 3. Summary of dynamic responses for two CDF antenna mast arrangements.

Antenna Natural Athwartship Max TACAN At Base of Ext Tube Safety
Arrangement Frequency Shock Input Response Shear Moment Stress Margin

Disp/Accel/Rotation (lb) (in-lb) (psi)
TACAN Alone 4.96 Hz 8 g/4 Hz 25.4"/51.5 g/11.4' 7,393 361,700 69,709 -0.05
TACAN/JTIDS 3.25 Hz 8 g/4 Hz 46.0"/61.1 g/19.60  14,819 967,610 186,473 -0.65
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Figure 13a. Envelopes of maximum shear force distributions
for two antenna mast arrangements due to 4-Hz shipboard shock.
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DISCUSSION AND RECOMMENDATIONS

The steady-state response for the forced vibration of an undamped SDOF system subjected
to base motion can be generalized in figure 14. Figure 14 plots the ratio of the relative
displacement (yl-yo) of the tip mass M to the absolute displacement of the base yo as a
function of the forcing frequency to natural frequency ratio (f/fn). Three important points can
be made about figure 14:

M

. TACAN and JTTDS

20 TACAN Only

1.5

I•- YO • OlI0O01U1000

f/fn
Figure 14. A single-degree-of-freedom system and its response to base motion.

1. When the forcing frequency equals to the natural frequency of the system, i.e.,
f/fn = 1, resonance occurs, and the response approaches infinity.

2. In the region f/fn < 0.6, where the relative displacement is small and proportional to
the acceleration of the base, the system behaves as an accelerometer and serves as the
pickup for the base motion.

3. In the region f/fn > 2, where the relative displacement is essentially the same as the
absolute displacement of the base, the system is said to be seismically suspended,
which means the system is on a soft mount and can be whipping at the same amplitude
as the base motion.

The frequency ratios for two antenna mast models analyzed for the 4-Hz base motion are
0.806 for the one with TACAN alone and 1.231 for the other with both TACAN and JTIDS.
They are plotted in figure 14, which shows that they both are in an undesirable region of being
too close to the disastrous resonance condition. Certainly, strengthening the mast to raise its
natural frequencytabove a specific vaiue, be it 4 Hz, 5 Hz or any value above, is a solution to
the problem. One may argue that softening the mast at the other end of the spectrum may
offer a solution as well. But, the question arises as to whether the antennas on the mast,
especially TACAN and JTIDS, can function properly or withstand the high inertia loads when
the soft mast begins to whip. This leaves very little alternative but to strengthen the mast.
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A parametric study was performed in an attempt to raise the fundamental frequency of the
system (with TACAN and JTIDS) by varying the thickness and/or OD of the extender tube.
The results of the study are summarized in table 4. Table 4 shows that replacing the extender
tube with a solid rod of the same OD can raise the natural frequency of the system by only
2.06%, while doubling both the OD and the thickness of the extender tube by only 5.45%.
Obviously, changing the design of the extender tube alone is not an effective means of raising
the natural frequency of the system. Better weight and stiffness distributions of the whole mast
are required. The most effective way would be to perform a design optimization for the entire
antenna mast assembly to arrive at a minimum weight design that meets a lower bound
constraint on the fundamental frequency. This goal can be achieved via the "optimality criteria
approach" (reference 10) or by a "numerical search method" (reference 11). In the "optimality
criteria approach," a criterion related to the behavior of the structure, such as the fundamental
frequency in this case, is derived, and the premise is that when the structure is sized to satisfy
this criterion, the merit function (structural weight) automatically attains an optimal value.
This approach is strongly recommended here.

Table 4. Sensitivity of the system's fundamental frequency
to a design change in the extender tube.

Design OD/Thk Wt EI/L 3  System's Percent
Variation (in/in) (lb) (lb/in) Freq (Hz) Increase

Current Design 4.615/0.403 16.04 6.486 3.247
Solid Rod 4.615/2.307 50.30 12.102 3.314 +2.06
Double OD & Thk 9.230/0.806 64.14 103.776 3.424 +5.45

The computer program MASTY developed for this study has provided an effective tool to
analyze the dynamic behavior of the antenna mast assembly when subjected to shipboard
shock. The important capabilities implemented in the program are

1. the capability to analyze an antenna mast that is composed of a mixture of beam
segments with different types of cross sections (circular or rectangular, straight or
tapered),

2. the capability to provide an algorithm to derive the static deflection curve of the mast
based on its actual weight distribution and the attached masses it carries, and use this
curve as the mode shape to derive the natural frequency of the system very accurately,

3. the capability to provide an efficient time-integration routine with a step-size optimizer
for the numerical solution to the system's equations of motions, and
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4. the capability to provide an output compatible with YADAP code so that the time-
histories of the response variables and their shock spectra can be plotted on a PC.

A simplified flow diagram of MASTY is depicted in figure 15. The current version of

MASTY, however, can analyze the dynamic behavior of the mast in the athwartship direction
(y-direction) only. It can be expanded to analyze the responses in the other two directions,
i.e., the forward (x-direction) and the vertical (z-direction) motions.
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Figure 15. A simplified flow diagram of MASTY.
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APPENDIX A: COMPUTER RUN OUTPUT FOR CDF ANTENNA
MAST ASSEMBLY WITH TACAN ALONE
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