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This report covers one phase of an overall program aimed at providing
an analytic base useful in the development of improved carrier landing
methods and systema. This phase deals with establishing a detailed knowl-
edge of the nature of carrier motions in high sea states.

The program was directed by the Aeronautics Division of the Office cof
Naval Research and cosponsored by the Naval Air Systems Command under
Contract Nonr 4196(00)}. The work was performed by Systems Technology, Inc.,
Hawthorne, Californisa.
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ABBTRACT

Carrier landing operations are often suspended duve to severe
deck motions. Aitempts to compensate for deck motions rejquire a
detailed knowledge of the nature of such motions over short time
intervals {because a landing approach typically lasts only 30 sec;.
This report contains the results of examining ship motion amplitude
and frejuency characteristics over short time periods in rough sea
conditions. Included are histograms and powe spectral density plots
of pertirent recorded ship motions. These are presented for cseveral
short intervals cver a three hour period so that a variation of motion
characteristics with time is evident,
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SECTION I
INTRODUCTION

Carrier landing operations are often suspended because of severe deck
motions. Attempts are being made to compensate for deck motions (and
thereby extend recovery operations to more severe sea states) for VFR
conditions utilizing visual landing aids (e.g., Fresnel Lens Optical
landing System) and for all-weather fully automatic landings with SPN-42
ACIS, Mode I. The extent to which compensation is helpful is dependent
on the nature of the ship motions relative to the capability of the
compensated landing system. The nature of ship motions ovar short time
intervals is particularly important in landing system design since a
landing approach typically lasts only 30 sec. Yet the extant skip motion
data reveal only long-term (hour or longer) average characteristics which
ostensibly would not show design-pertinent amplitude and frequency
variations with time.

Therefore, an analysis was carried out to determine information
basic to system refinements for carrier laniings. The analysis was
specifically aimed at examining ship motion amplitude and frequency
characteristics over short time periods in rough sea conditions. Extreme
care was required to avoid the problems (and incorrect conclusicns) commonly
associated with short time spectral analyses. Included here are the results
of the analysis using ship motion data recorded aboard the USS INDEPENDENCE
{CVA-G2) in Jamuary of 1966.° As such, the results are strictly valid only
for FORRESTAL class carriers in high sea states. However, a similar analysis
(Ref. 5), previously carried out for another class carrier, led to almost the
same conclucions. Thercfore, confidence in the generality of the results is

greatly enhanced.

For stationary time series, the accuracy in computing power spectral

density points at various frequencies is proportional to the length of run

*Data was recorded through the efforts of LTV Electrosystems and NATC
Patuxent River personnel. Appendix A presents some pertinent details
concerning this data.
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analyzed. 'Thus thc cspeetra become less aecurately represented as the
data time basc is made shorter. In particular, a run length of 70 sec
(for example) would yield either cxtremely variable estimates of power
or very poor frequency resolution in the dominant frequencs band, 0.k to
0.8 rad/sec. Therefore, a tradeoff was made between the desired short-
time analysis, the need for reasonable eonfidence limits on the results,
and the desired frequenty resolution. By comparing the scatter of the
data points for various effective run lengths, a minimum run length of
approximately 6 min, and a frequency resolution of 0.0) rad/sec weie

selected as a compromise.

The original recorded data consists of five reels of magnetie tape
containing M signals of ship motion quantities. Each recel has about
five hours of cartinuous ship motion data. The data analyzed here
include the most severe of the recorded ship motions (estimated to be
Sea State ). Included are ten different 377 sec intervals taken from
FM reelis Nos. 3 and k4.

The analysis of the data was carried out via the "BOMM' progranm
(Ref. 1) on a high~-speed digital computer.® Of the eight ship motion
variables presented here, only three (pitch, roll, and touchdown point
displacement) were obtained directly from the original data. The other
five were derived as linear sums of the above three (using ship geometry,
etc.). Table I presents a list of the eight ship motion variables along
with their definitions and positive directions.

Section II of this report contains a discussion and interpretation of

the analysis results.

Section III consists of a short summary of eonclusions and recommendations.

Appendix A presents a few pertinent details eoncerning the original data.

Appendix B presents some of the more technical aspeets of the data

reduction operations.

*Some details of the data recuction are included in Appendix B.
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TABLE I

TERMINOLOGY AND AXIS SYSTEM DEFINITIONS

Ship pitch angle (+ bow up)
Ship roll angle (+ starboard down)

Ship heave (+ up) (The ship heave is defined to be the
vertical displacement of the ship's center of pitch.)

Touchdown point displacement (+ up) (The touchdown point
is a particular point on the angled deck centerline between
the No. 2 and No. 3 "wires".)

Ramp displacement (+ up)

Displacement of point on deck halfway between touchdown
point and ramp (+ up)

Velocity of touchdown point (+ up)

Impact velocity due to ship motion (+ for higher impact
velocity) (VIS = hpp + UROg where U is the relative speed
between the airplane and the carrier. liote that the

impact velocity due to ship motion is not just the velocity
of the leck at the touchdown point, but contains a contribu-
tion due to deck pitch angle. This deck incidence angle
contribution is required because touching down with a bow-
up deck, for example, is equivalent to a steeper glide path,
as far as how hard you hit the deck is concerned.)

Ramp
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Appendix C contains plots of statistical properties of the ship
motion quantities. These plots are histograms of the amplitude dis-
tribution for each variable. They are presented with the mean values
removed, and thus indicate the distribution about the mean. The values

of the means as well as rms deviations from the means are presented in
a table for easy reference.

Appendix D contains power spectral density plots of the ship motion
quantities.
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SECTION II
DISCUSSION AND INTERFRETATION OF ANALYSIS RESULTS

A. TIME INTERVAL SELECTIONS

The ten time intervals selected for analysis are indicated in Fig. 1.
By selecting the intervals as shown, it was possible to estimate the run-
to-run variability in the data (e.g., file 19 versus 19A versus 19B) as well
as the variability in the ship motion characteristics with time (e.g., file
15 versus 17, etc.). The pertinent ship and sz2a conditions (Ref. 2) during
the selected intervals are given in Table II.

B. COMPARISON OF RESULTS

The largest ship motions were found to occur on FM Tape No. 4 (where
peak displacement of the ramp exceeded 20 ft). Therefore, most of the

TABLE II

PERTINENT SHIP AND SEA CONDITION DATA

TIME INTO
ST mape g | sur WAVES SWELLS
NO. FI(L}ER_?&T)ER HEADING| 1y 1 RECTION| AMPLITUDE| PERTOD| DIRECTION| AMPLITUDE| PERTOD
FM .
TAPE| | 305 1] 4500 60° 9t |9sec| 100° | 7£ |7¢6
NO. 3| 7A 321 ||
1 1:41
> ) 320° 300° 10 £6 |6 sec
154 a7 |
1 2:50 '
[ 2 ' 320° 340° b £t |6 sec
FM | 174 2:56 | |
TAPE il
NO. k| 19 3:5% SWELLS
19A 35
9 5:59 300° 340° W ft |6 sec
19B L:0p
20 b5

Note: These data were estimated by the ship's meteorology department each
nour (on the hour) and were not the results of careful measurements.
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2:30 3:00 3:30
Time into FM Tape No.3 (hr:min)
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Figare 1.
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effort was concentrated on analyzing files 15 through 20. The analysis
of files T and TA was carried out merely for campariscn purposes, because
it wms necessary to determine if the frequency characteristics associated
with the relatively smaller motions were appreciably different fram those
of the large motioms.

The results of the comparison can be summarized as follows. The sea
conditions during the recording of files 7 and 7A included swells and sea
waves, whereas the sea conditions during files 15-20 (corresponding to the
following day) included only sea waves. However, comparisons of the ship
motion power spectra from files 7 and 7A do not appear to be significantly
different fram those from files 15-20 (e.g., see Figs. D-1b and h, and D-3a,
b, e, and J).

C. COFREIATION BEPIWERN SHIP NOTIONS AND SEA CONDITIONS

By comparing the plots of rms motion versus time (in Figs. 2 and 3)
with the sea observations (in Table II) it can be seen that the measured
ship motions correlate roughly with the observed sea conditions. In
particular, the rms values of the ship motion variables increase signifi-
cantly during the time that the sea conditions were observed to increase.

D. MAGNTIUDE OF SHIP MOTIONS DEPENDENT ON TIME

Because the amplitudes of the ship motions were increasing with time,
they do not represent a stationary process (over intervals of the order of
an hour). Therefore, statistical properties averaged over an interval of
an hour or more (with this data) would not be appropriate descriptors of
the ship motion. From Fig. 2 it appears that the maximum interval over
which the stationarity assumption is reasonable (i.e., there is less than
a 10 percent variation in the mean) is somewhat less than 30 min.

E, SHIP MOTION FREQUENCY BAND ALSO TIME-DEPENDENT

Having seen that the ship motion magnitudes we.re inereasing by more
than a factor of 2, it is interesting to learn that the frequency region
in which most of the pitch power was concentrated decreased by about

20 percent. This is completely consistent with the theory of a developing

TR=-137-3 7
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sea state (Ref. 3), and is seen in Fig. la where the frequency regions for
the largest pitching motions are plotted versus time. The freguency for
the peak power is also noted on the plot. Figure Ub shows the frequency
regions for the largest heave motions superimposed on the pitch angle
plot. In general, the heave friequencies were the same or slipghtly lower
than the pitch frequencies.

¥. TDE-VARYING CENTIR FREQURCY

One of the more interesting aspects of the ship motions wa:n the
tendency for the power spectral density (PSD) plots of pitch angle to
have two peaks in the region of maximum power (e.g., see Figs. D-le and
D-1f) The expianation for the multiple peaks is that several times during
each 6 min interval the pitch motions would become very regular for a few
cycles. MNHowever, the frequency would not be exactly the same cach time
these regular intervals occurred. Thus it was possible (and, in fact,
likely) that during any short interval (such as a 6 min run) the regular
oscillations would miss scame part of the frequency band near the peak
power, with the missing frequencies showing up in the next 6 min run.
It can be seen that this is, in fact, the case by camparing the fre-
quencies of the peaks in the PSD plots with the frequencies of the troughs
between the peaks fram run to run., If this is dote, it is typical to find
that the peak frequency in one run is the trough frequency in the next run.
Also we'd expect that some of the file boundaries would fall between the
regular-motion intervals in such a way that the PSD plot from one file
would have a peak at one frequency and the adjacent file would have its
peak at a different frequency (rather than multiple pesks being in cvery
file). This exact situation occurred with files 1 and 19A (Figs. D-lc and
D-14d).

The pronounced multiple-peaking found in some of the pitch PSD plots
did not occur in either the roll or heave I'SD's, indicating that thc piteh
motions are basically more narrowband (for head seas). Thus the intervals
of regular motion are more common with pitch than with roll or heave. VIor

reference purposes, I'igg. ) shows some typical time traces of ship motious.

TR=137-3 10
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G. COMPARISON OF FREQUENCIES

Although the center frequencies moved around samewhat, it was generally
found that in any one file the center frequency for pitch was greater than
(or equal to) the center frequency for heave; and that the heave frequency
was greater than (or equal to) the roll frequency.

H. ROLL PSD BROADER THAN PTTCH OR HEAVE

The general shapes of the PSD plots show that the roll spectra are more
broad ana flat than the others. This is a result of predominantly head-sea
conditions during the intervals selected for analysis. A case of a ses con-
dition involving beam-waves was looked at (this case is not included here
because of a questionable swell situation) and found to have a very narrow-
band, highly peaked roll PSD. This is a well-known characteristic which

results from the small roll damping (usually) four' in Naval vessels (and
other ships without stabilizers).

TR=137=3 4
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SECTION IIX
OONOLUSICNS AND RECOMMEXDATIONS

Because we were looking for only a few specific characteristics of the
ship motions, a list of the major conclusions can be presented quite

For pitch and heave motions the center-frequency
(where most of the power is found) was typically
between 0.5 and 0.7 rad/sec; and the bandwidth (to
the half-power points) was typically between 0.1

and 0,2 rad/sec. Thus, the ratio of the bandwidth
to the center frequency (which is a measure of
"narrowbandedness") was around 0.3. This means

the motion characteristics are essentially those

of a narrowband process. (It is noted that these
results are substantially the same as those obtained
from similar measurements taken aboard the USS ORISKANY.)

The rms value of ship pitch (og) increased at a rate of
about 0.2 deg per hour as oy went from 0.4 deg to 0.9 deg.

As the magnitude of ship pitching motions increased by
more than a factor of 2, the center frequency decreased
by about 20 percent,

The maximum values of pitch and heave during each of
the time intervals analyzed were found to be approxi-

mately equal to the respective 3¢ values for the
interval.

Because the conclusions pertaining to the spectral characteristics
are in such close agreement with those fram a prior analysis (for a
3 smaller carrier), further validation seems unnecessary. Therefore, it
{ is recommended that the results included herein be used in future analyses
that require a knowledge of large carrier motion characteristics. In addi-
tion to thelr applicability to carrier landing system analyses, the results
should be useful in carrier simulations and in the design of tracking plat-
forms (such a3 for a tracking radar or gun fire control).

15
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AFPRIDIX A
FERTINENT DETAILS COMOERNING THE ORIGINAL DATA

The PM recordings of the ship motion data were found to have a sign
inconsistency between the Z signal and the "heave" signal. (They were
"in phase" instead of "out of phase".) Further, it was determined that
there was also a sign inconsistency between the recorded pitch and heave
(this was determined by considering the phasing between the recorded pitch
and "heave" motions). The inconsistencies were rectified by reversing the
sign of the "heave" signal in the calibration run (on FM tape No. 3).

(This alternative was preferred to reversing the signs of both Z and
piteh.)

The original data was taken from the SPN-10 channel A installation,
Pitch was measured at TP 13, and roll at R201. The ocutputs of three body-
mounted accelerometers were measured as follows: X from 9TB5-7, ¥ from
9TB5-9, and z from 9TB5=11.

The three accelerometer signals were passed through SPN-10 resolvers
to obtain h,, which is the vertical acceleration of the accelermeter
package. The vertical displacement of the accelerameter package was com-
puted by passing ﬁa. through a filter designed to approaximate a double
integration. The transfer function of the filter is given in Eq. A-1,
and is plotted in Fig. A-1.

- 36138 (A-1)

(5 + ) (ots * [(m)2+%“’b%’ : + 1]

::':lmb'

®

The h, signal was passed through SPN-10 circuitry to compute the vertical
displacement of a point on the deck called the "touchdown" point. (For the
USS INDEPENDENCE the touchdown point is on the centerline of the angled deck,
185.1 £t forward of the ramp—measured along the angled deck centerline.)
The resultant signal (hqp) was measured at ASP1 Pos Camp C. Although this
signal represents the vertical motion of a particular point on the deck, it

TR-13T=3 A-1
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was referred to as "heave" in the run log kept during the recording of
the ship motions.

It is important to point out that it was not until one month &ft_er‘
the recording of these motions that the SPN-10 hqy signal on the USS
INDEPENDENCE was modified by the additic. of a term proportional to
pitch angle (Ref. 4).

As a later check of the triaxial accelerameter resolution, the various
angles and accelerations available on the FM tape were cambined and integrated
appropriately to produce a signal appraximately hqp. Then, by systematically
reversing the signs of the angles involved, it was found that the best fit
to the recorded hqpy was obtained when the signs were the same as those we
had used in our analysis.

TR-137-3 A-3




AFFRIDIX B
DIGITAL COMPUTATION DETAILS

To remove unwanted high-frequency noise, and to avoid aliasing, the
FM data was filtered with a low pass filter (having a breakpoint at
1.09 Hz), and then digitized with a sampling rate of 6 samples/sec. The
digitized data was then filtered (with a low pass filter having a breakpoint
at 0.5 Hz) and decimated by a factor of 3 to give an effective sampling rate
of 2 samples/sec. This filtering and decimation allows the data to be
analyzed up to a freauency of about 3 rad/sec (which is beyond the frequency

region of interest for carrier motions).

The minimum frequency at which power can be measured depends on the
length of run analyzed. That is,

vhere TR is the run length in seconds and fmin is in Hz.

By calculating the Fourier coefficients for a run length of 37T sec, a
PSD plot could be obtained with a minimm frequency (which is equal to the
frequency resolution) of 0.01667 rad/sec. Such a plot would have 2 deg of
freedom per plotted point, and thus exhibit considerable scatter of the
points. By combining the points in successive groups of three (with no
overlap), a PSD plot can be obtained with a frequency resolution of
0.05 ral/sec, and /5 deg of freedom per plotted point (which gives less
scatter of the points). This latter techniyue was used to obtain the PSD
plots in Appendix D.

TR=157-3 B-1
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Table C-I lists the mean value, the ms deviation fram the meun, and
the maximum absolute deviation from the mean for each of the wariables of
interest in the ten files analyzed. Table C-II follows with a list of the
histograms that make up the remainder of this appendix. The histograms
show the distribution of amplitudes for each of the ship motion variables
(with the means removed).

TR-137=3 C-1




TABLE

C-1

SUMMARY OF MEAN VALUES, RMS DEVIATIONS FROM THE MEAN, AND MAXIMM
ABSOLUTE DEVIATION FROM THE MEAN FOR SEVERAL SHIP MOTION VARIABLES

x| % | s | hs | np | me hpa| by Vig
¥o. | (vEG) | (DEG) | (FT) | (PT) | (FT) | (PT) |(¥FT/sEC)|(FT/SEC)
7 |-o0.01] 0.92] 0.08]| o0.52] o.zx] 0.38] 0.02 | -0.19
78 | -0.07} 1.06] 0.17] 0. | 0.29] o0.h7]-0.00 | -0.22
» | 0.09]-0.82] 0.16]-0.36] -0.20| -0.28] 0.0000] 0.7
T f)?6'9' -0.85| 0.15]-0.35]-0.16|-0.2 ! 0.00 | 0.2
VALUE 17 0.09]-0.80] 0.16]-0.36}-0.21} -0.26]| 0.001 0.78
”"gmm 17A | 0.09-0.96] 0.07|-0.4G|—~0.72]-0.3"| 0.02 0.8
19 | o.07]-0.95| 0.09]-0.35|~0.08 | —6.20] -0.000 | o0.70
19A | 6.06|-0.48] o0.24|-0.09}-0.02]|-0.00| 0.07 0.19
9B | 0.08]|-0.42] 0.25|-0.16] -0.16{=0.16] -0.03 0.70
20 | 0.07]|-0.k7] 0.17]-0.22|-0.19|~0.70| o0.03 0.:%
7 | 0.33] o0.25] 2.07| 2.23] r.79) 2a7] 1.39 1.9
a | o6 o0.32] 2.2 2.37] 3.9 2.8, 1.9 2.2
15 0.3 0.36] 1.9 | 232 3.351 2.9 1.00 2.%h
ps | oA ] 0-39[ 0.36] 2.0 2] s3] 2.0 1.0 2.0
DEVIATION| 17 | 0.00] 0.59| 3.02] 3.55| h.99| h.o1| 2.1k 3.09
fﬂf‘% 178 | 0.8 0.51] 3.98] 3.02| v.o1| Wz 2R 3.09
19 | o.8] 0.99] u.70] 9.28] .92] G0 .90 R,
195 | 0.81] 0.96] h.ok] 5.h5] 7.35| G.30[ 3.38 .80
19B | 0.92| 0.80| b.h2l s.5h 1 70191 6981 3.17% % .90
20 | 0.8 o0.82| w.76| c.on] 8.18] f.on| 7.3 .93
7 0.97] 1.06] T7.26} 6.0 ) (.86} ., 0A] W 05052y
TA 1.0 1.09] 6.2 +.36]10.2 Bl wem 8.0
15 | 1.38] 1.35] 5.95] 7.07| 1.1 | 8.92] w.er | Al
MAXIMUM | 1A 1.16] 1.4 5.82]1 6.60{ 9.08] (.9 h.h3 Tehe
D’;Bf’f:;’gq 17 W71 157 9.82110.0 [12.1 |11 (i( £.09
FROM 17a L o] a7 lo | 9G] 3.6 [ 113 | Gae 9.8% |
MEAN "9 | 1201 2.93113.6 {12.9 [19.0 [ 159 | .ov | 1.0
198 | 23] 2081 11.6 [ [19.0 (1607 | s 1.2 |
198 2,18 2.8 1 12,7 | b,y | 18.0 | 16.3 9.61 13k
20 | 2.2 211105 [ [20.9 {10 | 8 | 130
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TABLE C-II

LIST OF THE FILES FOR WHICH HISTOGRAMS
ARE INCLUDED IN THIS APPENDIX

VARIABIE | FILES
' 17, 20
Pg 17,20
hg 17, 20
by | 17,2
hg 17, 20

"/ >

) &Y

Vi 20
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APPRIDIX D
SFECTRAL PROPERZIES OF THE ONIP MOTION VARIABLES

This appendix consists of power spectral density plots of the ship
motion varisbles during a —epresentative selection of time intervals,
Table D-I presents a list of the file mmbers for the PSD plots tkat
are included.

TABLE D-I

LIST OF THE FILES FOR WHICH POWER SPECTRAL DENSITY, ¢(w),
PIOTS ARE PRESENTED IN THIS APPENDIX

VARIABLE FILZS
&g T.7A,15, 154,17 ,17A, 19, 19A, 19B, 20
g 7,15,17,19,20
ng 7,7A,15, 154,17, 17A, 19, 19A, 19B, 20
gy 20
he 20
bap /2 20
hyy, 20
vy, 20

The PSD plots are scaled such that the following relation applies to
each variable,

@ = ];mo(w)dw
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