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Abstract

// A method for determining linear plus quadratic roll damping coefficients from roll
decay tests that is believed to be accurate up to second order in the damping coefficients
is described. Two computer programs are developed to estimate roll decay coefficients via
chi-square fitting using first-order and second order analyses. The methods are applied
to measured and simulated roll decay data, and excellent results are obtained with both
codes. While the second-order results represent an improvement in both goodness-of-fit
and accuracy compared with the first-order results, the latter are already so good that the
improvement is considered to be of limited practical significance. /

RESUME

Le présent rapport décrit une méthode de détermination des coefficients linéaires et
quadratiques d'amortissement du roulis a partir d'essais de décroissance du roulis. On
estime que cette méthode fournit des coefficients avec une précision du deuxi¢me ordre.
Deux logiciels ont été élaborés pour 'estimation des coefficients de décroissance du roulis
utilisant la méthode du chi-carré a partir d'analyses de premier ordre et de deuxiéme ordre.
Les méthodes sont appliquées a des donnés de décroissance du roulis mesurées et
simulées. Les deux programmes donnent d'excellents résultats. Bien que les résultats de
l'analyse de deuxiéme ordre représentent une amélioration en ce qui concerne 2 la fois la
qualité de I'ajustement et I'exactitude par rapport aux résultats de l'analyse de premier
ordre, ces derniers résultats sont déja si bons que l'amélioration est jugée superflue.
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Notation

C(9)
EL

[

=

added moment of inertia in roll

non-dimensional, linear roll damping coefficient, b, = By /(I + A)
linear roll damping coefficient

non-dimensional, quadratic roll damping coefficient, b, = By /(I + A)
quadratic roll damping coefficient

equivalent linear roll damping coefficient, B¥ = 58;;ng¢0

roll restoring coefficient, C = AGM

roll restoring moment

energy dissipated by the linear term B; ¢ in a roll half-cycle of constant
amplitude.

energy dissipated by the linear term By in a roll half-cycle of variable
amplitude, using the exact linear solution obtained with the equivalent
linear damping By + (8/37)woB2énN

loss of potential energy over a half-cycle, E¥ = 1C (¢% — ¢} ;1)

energy dissipated by the quadratic term B, ¢>|¢| in a roll half-cycle of
constant amplitude.

energy dissipated by the quadratic term B, ¢>l¢| in a roll half-cycle of
variable amplitude, using the exact linear solution obtained with the
equivalent linear damping By + (8/37 )woB2oN

metacentric height
roll moment of inertia
number of roll extrema less one

roll decay coefficient, n = wgB,/2C for a purely linear damping, or
n=3% (31 + %WOB2$N> for the equivalent linear damping B; + B¥

i =42 (B1+ £woBidn)
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K1

K2

%o
N
N
éN

wo

Wq

=2 (31 + %,woqugN)

order symbol

time

time of occurrence of the Nth extreme point of the roll decay curve
ship or model displacement

uncertainty in the quantity z

normalized linear roll damping coeflicient, k1 = %’g’-

normalized quadratic roll damping coefficient, ko = 4—;’1"?%

roll angle

roll velocity

roll acceleration

roll amplitude

absolute value of the ANth egtreme point of the roll decay curve
average roll amplitude during a decay half-cycle, én = (o8 + PN+1)/2

angle chosen such that the energy dissipated by Bg¢l¢| in a half-cycle
using the exact linear solution obtained with the equivalent linear
damping By + (8/ 37r)w0nggN equals the energy dissipated by Bg¢5|¢|
using the full nonlinear solution

angle chosen such that the energy dissipated by B1é in a half-cycle us-
ing the exact linear solution obtained with the equivalent linear damp-
ing By + (8/37)woBadn equals the energy dissipated by B¢ using the
full nonlinear solution

chi-square merit function, x2 = S N_,[(yn — ¥(Bn; k1, £2))/(Ayn))?
angular frequency

roll natural frequency, wp = /C/(I + A)
damped roll natural frequency, wy = wov'1 — n?



1 Introduction

Because of the important influence of roll damping on ship response, there is great
interest in obtaining accurate estimates of linear and nonlinear roll damping coefficients
from model tests. The easiest experimental method for carrying out these tests is the roll
decay test in which the model is given a large initial heel angle, and the resulting roll motion
is recorded as it decays. Spouge! has recently prepared an excellent review and analysis of
available methods for obtaining roll damping coeflicients from roll decay tests. The review
includes discussions of the quasi-linear method, the Froude energy method?, Roberts energy
method?, the averaging method?, and the perturbation method®. All of the methods involve
approximations of various sorts, as any nonlinear analysis must, and are only accurate to
first order in the damping terms. Spouge considered the perturbation method to be the
best, but noted that it was complex to implement, and sensitive to distortion of the first
peak of the roll decay record.

This memorandum describes a method for estimating linear plus quadratic roll
damping coefficients from roll decay tests that is believed to be accurate to second order
in both damping terms. The method is an extension of the energy methods, in which
the damping coeflicients are obtained by equating the loss in potential energy over a half-
cycle with the energy dissipated by the damping terms. Roberts3 also considers nonlinear
restoring terms and linear plus cubic damping. The present method can be adapted to
these cases, but they are not addressed in this memorandum.

Two computer programs are developed to estimate the roll damping coefficients
from the first- and second-order analyses using chi-square fitting. The use of chi-square or
weighted least-squares fitting rather than the more commonly used least-squares fitting is
important in this application because of the large uncertainties in the roll decay tests which
occur for small roll amplitudes. The first and second order codes are applied to measured
and simulated roll decay data, and an evaluation of the two programs is made.

2 First-Order Analysis

We assume a one-dimensional roll equation with linear and quadratic roll damping.
Denoting roll angle by ¢, the roll decay is described by the following equation:

(I+ A)p+ B1é + Bagld| + C(¢) =0 (1)

where I is the roll moment of inertia, A is the added moment of inertia in roll, By is the
linear roll damping coefficient, B; is the quadratic roll damping coefficient and C(¢) is



the roll restoring moment. The roll restoring will be assumed to be linear in the following
analysis, so that

C(¢)=Co=AGM¢ (2)

where A is the displacement and G M is the metacentric height. It is convenient to rewrite
Equation 1 in non-dimensional form

b+ 516 + 29| + wie = 0 (3)
where wg = \/C/(I + A) is the roll natural frequency, and b; = B;/(I + A) for i = 1 or 2.

In the case of a purely linear damping, b, = 0, we can rewrite Equation 3 in the
form

¢+ 2nwod + wid =0 (4)

where n = wo B, /2C is the roll decay coefficient. Given the initial conditions ¢(0) = ¢o and
#(0) = 0 this equation has the exact solution

n .
® = doe~“°™ cos(wqt) + —\/—T—_——_M.%e"“"’"t sin(wgqt) (5)

where wq = wgv/1 — n? is the damped roll natural frequency.
To first order in n, the solution can be written

¢ = poe~“°™ cos(wot) + ngoe”*°™ sin(wot) (6)

Let ¢n be the absolute value of the Nth extreme point of the roll decay curve, and
assume that ¢ occurs at time ¢5. The next extreme point, ¢x41, occurs at time ¢ty + WLO;

hence
ON+1 -

én (7)

%m<¢i1:1> - ®)

Let aN_= (N + é~n+1)/2. In the case of linear damping, a plot of (1/7)In(dn/dn11)
versus ¢ should be a constant with the value n.

and

The standard method of accomodating nonlinear damping in a linear model is
by introducing the equivalent linear damping, B{jgb, which dissipates the same amount of
energy in a roll cycle as the quadratic term B,¢|d|.

Let ¢ = ¢g sinwt, where w is angular frequency, and let E9 be the energy dissipated
by the quadratic term in a roll half-cycle. The subscript ¢ indicates that the roll amplitude
is held constant during the half-cycle.



N

52 = 2 [" Bdidlas
= 2w?By¢] ‘/0% cos® wt d(wt)
= §w2B2¢3 9)
Let EL be the energy dissipated by the linear term.

E;

)
L
2 [ Bfddo

%
2wBf 43 /0 cos® wt d(wt)

T

5wB§¢§ (10)

Equating the expressions for E? and EL we have

BL=SuB & (11)
2T gg Y0 _

The total equivalent linear damping is simply B; + Bf. Assuming that the linear solution
Equation 6 is still approximately valid, Equation 8 implies

%ln (¢(i]j-1) =n= :—2, (Bl + %woBzaN) (12)

where the equivalent linear damping is based on the average roll amplitude ¢, during the
decay half-cycle. A plot of (1/7)In(¢n/éN4+1) Vversus ¢, should be a straight line with
intercept wo By /(2C) and slope 4w B, /(37C).

In the perturbation method®, Mathisen and Price avoid introducing an average
roll amplitude and the associated approximations; however, the comparison with simulation
results described in Section 4 indicates that Equation 12 is surprisingly accurate.

Using the energy approach, an equivalent result can be obtained directly by equat-
ing the loss of potential energy over a half-cycle with the energy dissipated by the damping
terms.

The potential energy stored at time fy is
N 1., .5
/0 Codp = 2C% (13)
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and the loss of potential energy, E¥, over a half-cycle is
1
EP = 2C (¢k - ¢h) (14)

Assuming that the roll damping is small, the energy dissipated by the linear and
quadratic damping terms can be approximated by that dissipated in the half-cycle of con-
stant amplitude ¢5. From Equations 14, 9 and 10 we obtain

1 n -2 4 —3
5C (8h = 0ha1) = e0B1Bx + 503 Bady (15)
ie.

ON — ¢N+1 _ wobBh 4woB2
Ton  2C 3rC

on (16)

This result is equivalent to Equation 12 to first order in the damping, as can be

seen by expanding
N ) ( éN — ¢N+1>
1 ( = In{l4+ ——mm
! ON+1 . PN+1
_ $N— 9N +0(n?)
AN+1

_ on-— ¢N+1+O( 2) (17)
b

where we have made use of the relation ¢n — ¢n41 = O(n), which follows from Equation
16.

3 Second-Order Analysis

In this section, a more careful energy analysis is presented. The goal of this work is
to develop a method of estimating linear plus quadratic damping coefficients that is accurate
to second order in the damping.

We will first determine the energy dissipated in the half-cycle between ¢n and
¢N4+1 by the linear term B¢ using the exact linear solution (Equation 5) obtained with
the equivalent linear damping B; + (8/37)woBadn. Let EL denote this energy, where the
subscript v indicates that the roll amplitude varies during the half-cycle. The angle ¢y is
chosen such that the energy dissipated by Bi¢ in the half-cycle using the linear solution
equals the energy dissipated by B;é using the full nonlinear solution. Both ¢y and the full
nonlinear solution are unknown.

L



From Equation 5, with the initial conditions ¢(0) = ¢x and ¢(0) =0

b= _ N _ e~ oM sin(wgt) (18)

Vi-?

where we have introduced the notation

" 8 ~
n= '2—2, (Bl + 3—7r'woBg¢N> (19)

Hence

L ON+1 .
E; = A Biddo

N

Blw2¢2 T [wq _ L
—N / e 2woRt gin? Wyt dt
1}

1-n2
2 o —
= %/ e~ 23/V1I=R% gin? 3 da (20)
- 0

Using integration by parts, it can be shown that

(1 — e=97)

T —-azx .:1..2 —-
/0 e *sin‘zdx = (1 0) (21)
Therefore R
EL = D10y (1 - 6-2"‘"/\/1""’) (22)
v 4n

Let ES be the energy dissipated by the quadratic term during the same half-
cycle, using the exact linear solution obtained with the equivalent linear damping B; +
(8/ 37r)woB2<,z§N, where <£N is chosen analogously to qu, and 7 is defined by analogy with
Equation 19.

EJ

SN +1 ..
/ By $|dld¢
éN
3 3 T/w
wy B2y 8 gt i 3
g ), ot
2 3 s
wOB2¢N/ e—3ﬁx/\/1—ﬁ2sin3wdx (23)

(1= a2 s

Once again, integration by parts can be used to show

T bz . 3 _ 6(1+ ")
/0 e sin® zdz = T+ 650+ ) (24)




Hence

Q _ 2"")OBQ(JSN =3ar/\/1~
£ %1+82)(1+6 *) (25)

Using the relation EX = EL + EQ, we obtain from Equations 22 and 25

2 _ 42
PN =N _ K1 (l_e—ﬁm/\/l—ﬁ?)_i_

2w pi 2T
_KedN —afw/\/l—fﬂ)
2(1 + 82) (1 e (26)

and we have introduced the shorthand

wo By

k1 = 2C (27)
_ 4w§B2
"= T5%C (28)

We now wish to estimate the error introduced in Equation 26 by replacing 7 and #
by n = K1 + K2 ¢>N In v1ew of Equatlon 16, it is reasonable to assume that ¢ — én = O(n).
Replacing the 72 or 72 terms by n? terms introduces an error

n’ -4 = (n4+a)(n-n) (29)
= (n+#)Ry(dy - ¢N)
= O(n®)

The error introduced in replacing the remaining #’s in Equation 26 can be estimated by
expanding the exponential terms. For example

i(l_e—mr/,/l_m') o m_l( o 22 )

o \/1—n2_1—n2+

2nw? +2(n—ﬁ)7r2 +
¢1_n2 1-nz " 1—n?

K 2nm?

or 2nw?

_ﬁ+~)+mﬁ) (30)

Ml?;

1—n2



Hence

O — i1, M (1_6-2,”/@) +

2o, T 2mn
K ¢ -3nmw -n
————2(11&2) (1+e 3nrm/y/1 2>+O(n3) (31)

Equation 31 can be used to obtain estimates of the damping coefficients x; and
k2 that are accurate to order n® as described in the next section. Since the right hand side
of Equation 31 depends on both ¢n and an it is not possible to give a simple geometric
interpretation of the resulting fit. :

4 Sample Roll Decay Analyses

Two computer programs called FIRST and SECOND were developed to estimate
the damping coefficients from Equations 12 and 31, respectively. In estimating the roll
damping coefficients, it is important to use chi-square fitting (also known as weighted least-
squares fitting) as opposed to the more commonly used least-squares fitting, because of the
large uncertainties in the left hand sides of Equations 12 and 31 when ¢n — ¢y 41 is small.
Let yv = (1/7)In(én/én+1). The chi-square fit of the damping coefficients x; and x; is
obtained by minimizing the quantity

- 2
X2 = f (yN - y(¢’1v;f€1,l€2)> (32)

N=1 AyN

where M is one less than the number of roll extrema and Ayy denotes the error in yy. (In
writing down this expression, we have assumed that the uncertainty in yx is large compared
to the uncertainty in y(aN; K1,K2). This is a reasonable assumption, as can easily be checked
for sample decay tests.) We denote the absolute error in the roll peak ¢n by A¢, which we
assume to be independent of N. Then the uncertainty in yy is given by

Ay Ag [1 1
N=—7
T\ éx ¢§v+1

(33)

Let 2y = (¢% — dk41)/(27¢%). The chi-square is defined in an analogous way
and the uncertainty in zx can be estimated from

_Ag \/2451‘\! — NS + O
== 2

AZN (34)



Development of the algorithms was straightforward for the straight line fit of Equa-
tion 12. The nonlinear chi-square fit for Equation 31 was performed using the Levenberg-
Marquardt method as described in Reference 6. Nonlinear fits require a ‘first guess’ for
the parameters to be estimated. In this case, the results of program FIRST provide the
necessary information.

In addition to outputting the damping coefficients, the programs also output the
quantity x2/(M — 2) as an estimate of the goodness of fit to the data. (Since we are using
a two-parameter model for roll damping, M — 2 is the number of degrees of freedom.)

Measured roll decay records from the Institute for Marine Dynamics” for a 9-metre
model of the DDH 280 were analyzed using the programs FIRST and SECOND. In addition,
numerically simulated roll decay records generated by Dr. Jan Mathisen of Veritas Research
using Equation 1 were also considered.

4.1 Analysis of Numerical Roll Decay Records

We will first discuss the results of the analysis of the numerical records, since the
absence of experimental error permits a precise evaluation of the methods. The results are
summarized in Table 1. The calculations shown under the ‘M & P’ column were computed
using the method of Reference 5 by Dr. Mathisen.

Table 1: Comparison of Analyzed Roll Damping Coefficients with Simulation Input Values

Initial Amp. Quantity Simulation | FIRST | SECOND | M & P
(degrees)
5.7 K1 X 102 1.145 1.133 1.132 1.126
Ka x 10% (deg™1) 3.661 3.646 3.645 3.689
X /(M - 2) 0.064 0.054

22.9 Ky X 102 1.145 1.127 1.129 1.123
ke x 10° (deg™1) 3.661 3.668 3.662 3.686

x*/(M - 2) 0.58 0.35
22.9 Ky % 10° 1.145 1.168 1.155 1.107
k2 x 10% (deg™1) 1.098 1.088 1.089 1.113

x2/(M -2) 1.20 0.41
22.9 k1 X 10? 3.435 3.463 3.449 3.393
Ka X 10% (deg™!) 1.098 1.089 1.088 1.121

X2/(M -2) 0.60 0.17

It is clear from Table 1 that all of the methods are capable of reproducing the
simulation coefficients with a great deal of accuracy. Marginally, the best results were

8
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obtained with program SECOND (largest error: 1%), and the least accurate results with
the M & P method (largest error: 3%); however, in view of the good results (largest error:
2%) and great simplicity of program FIRST, this method is the clear winner from the
practical point of view. Comparing the normalized x? coefficients for programs FIRST and
SECOND, it is clear that program SECOND provides considerably better fits to the data;
however, the roll damping coefficients are already predicted so well by program FIRST that
the resulting improvements are of limited practical significance.

Figure 1 shows a sample plot of ynx versus ¢ and the resulting chi-squared fit
obtained using program FIRST. The high quality of the fit is evident.

4.2 Analysis of Experimental Roll Decay Records

Sample measured roll decay time histories from the roll decay tests described in
Reference 7 were also analyzed. Sample plots from program FIRST are shown in Figures
2 and 3. In this case, the large increase in scatter for small roll amplitudes is evident;
however, the chi-square fit works well. Roll damping coefficients computed with FIRST
and SECOND are compared in Table 2.

Table 2: Compa.rlson of Roll Damping Coefficients Estimated Using FIRST and SECOND
for Experimental Results

Initial Amp. Quantity FIRST | SECOND
(degrees)
22. K1 X 102 3.05 3.03
kg x 103 (deg™!) | 3.61 3.63
| xX*/(M-=2) 0.060 0.043
25. Ky X 10° 2.65 2.57
ke X 107 (deg™?!) | 4.68 4.78
X3/ (M —2) 0.59 0.41

From the normalized x? coefficients for programs FIRST and SECOND, it can be
seen that program SECOND provides better fits to the data. The differences in the results
computed by the two programs are somewhat larger than in the case of the numerical roll
decay time histories, the largest difference being about 3%.

The results of this section indicate that FIRST, SECOND, and the M & P method
of Reference 5 are all capable of determining roll decay coefficients with high accuracy. A
careful handling of experimental uncertainties is the key to obtaining good results. In the
forms discussed here, all of methods consider only the roll extrema and throw out the rest



of the roll decay curves. In situations in which the roll damping is large and only a few roll
decay cycles can be obtained, there is a clear advantage in using methods which make use
of the whole time history. An example of such a method is described in Reference 8.

5 Concluding Remarks

A new method for estimating linear plus quadratic roll damping coefficients from
roll decay tests has been described. The method is believed to be accurate up to second
order in both damping terms.

Computer programs have been developed to estimate roll decay coefficients via chi-
square fits using first and second order methods. The programs were applied to measured
and simulated roll decay time-histories, and excellent results were obtained with both codes.
While the second order method produced better results both in terms of goodness-of-fit and
accuracy, the results obtained with the first order code were already sufficiently accurate
that the improvements are considered to be of limited practical significance.

Acknowledgements

It is a pleasure to thank Mr. David Cumming of the Institute for Marine Dynamics
for providing the measured roll decay time histories from Reference 7, and Dr. Jan Mathisen
of A.S. Veritas Research for providing the simulated time histories, and the associated
estimates of roll damping coefficients using the perturbation method of Reference 5.

10



0.13 v T T T T T T T
4 Simulated Data
—— Chi—Square PFit
o.10+ E
Ve
b
2
Z,
A -
)
A
— & 0.05 -
4
i 1 | " 1 i 1 i
0.005 2 [ 8 10 12

4
¢ (degrees)
Figure 1: Roll Decay Plot, Simulated Roll Decay Time History

0.08 . T . ) v T v T v T

0.07

N
n
Z
Z 0.05
Ae -
N—r
=] 0.04
~| k&

0.03 _
’+ 4 Experimental Data
0.0z~ + —— Chi—Squars Fit -
oo ¢ 4
’
i ‘ 1 1
" | n i i | i n i
0.9% 2 8 10 12

54 (degrees)

Figure 2: Roll Decay Plot, DDH 280 Model with Bilge Keel, Low GM Condition, Speed
0.94 m/sec.

11



0.09 . y—— —

0.07}

NN 0.06+

I
£ £ o

0.041 +

4 Experimental Data
0.03|- + —— Chi-8quare Fit 4

" o1} . i

s s N N 1 s s A i { s
0.000 s o o5

¢ (degrees)

Figure 3: Roll Decay Plot, DDH 280 Model with Bilge Keel, High GM Condition, Speed
0.47 m/sec.

12

P



References

1. Spouge, J.R.: “Non-Linear Analysis of Large-Amplitude Rolling Experiments”, Int.
Shipbuild. Progr., Vol. 35, No. 403, 1988.

2. Froude, W.: “On the Influence of Resistance upon the Rolling of Ships”, Naval Sci-
ence, October 1872.

3. Roberts, J.B.: “Estimation of Non-Linear Ship Rolling Damping from Free-Decay
Data”, Journ. of Ship Res., Vol. 29, No. 2, June 1985.

4. Flower, J.0O. and Sabti Aljaff, W.A.K.: “Kriloff-Bogoliuboﬁ”’s Solution to Decaying
Non-Linear Oscillations in Marine Systems” Int. Shipbuild. Progr., Vol. 27, No. 313,
1980.

5. Mathisen, J.B. and Price, W.G.: “Estimation of Ship Roll Damping Coefficients”,
Trans. RINA, Vol. 127, 1985.

6. Press, W.H., Flannery, B.P., Teukolsky, S.A., Vetterling, W.T.: “Numerical Recipes.
The Art of Scientific Computing”, Cambridge University Press. Cambridge. 1986.

7. Cumming, D. and Pallard, R.: “The Results of Roll Damping Experiments Carried
out on DDH 280 Model 391 - Part 1”, IMD Report TR-1989-04, December 1989.

8. Bass, D.W. and Haddara, M.R.: “Nonlinear Models of Ship Roll Damping”, Int. Ship-
build. Progr., Vol. 35, No. 401, 1988.

13






UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM
(highest classification of Title, Abstract, Keywords)

DMC A

DOCUMENT CONTROL DATA

(Security classification of title, body of abstract and indexing annotation must be entered when the overail document is classified)

. ORIGINATOR (the name and address of the organization preparing the document.
Organizations for whom the document was prepared, o.g. Establishment sponsoring a
contractor's report, or tasking agerncy, are entered in section 8.)

Defence Research Establishment Atlantic
P.O. Box 1012, Dartmouth, Nova Scotia

2. SECURITY CLASSIFICATION (overall security

warning terms if applicable)

B2Y 377 Unclassified

TITLE (the complete document title as indicated on the title page. Its classification shouid be indicated by the appropriate abbreviation (S,C.R or
U) in parenthesas after the title.}

Second-Order Analysis of Roll Decay Tests

Graham, Ross and Webber, Andrew

. AUTHORS (Last name, first name, middle initial. f military, show rank, e.g. Doe, Maj. John E.)

. DATE OF PUBLICATION (month and year of pubiication of document)

August 1991

6a.NO. OF PAGES (total containing
information. Include Annexes,
Appendices, etc.) 20

document)

8

[+

DESCRIPTIVE NOTES (the category of the document, e.g. technical report, technical note or memorandum. If appropriate, enter the type of report,

" e.g. imérim, progress, summary, annual or final. Give the inciusive dates when a specific reporting period is covered.)

Technical Memorandum

Defence Research Establishment Atlantic
P.O. Box 1012, Dartmouth, Nova Scotia

SPONSORING ACTIVITY (the name of the department project office or laboratory sponsoring the ressarch and developmert. Include the address.)

B2Y 377

9a

PROJECT OR GRANT NO. (if appropriate, the applicabie r yand

‘development project or grant number under which the document was

written. Please specify whether project or grant)

1AG

b CONTRACT NO. ( if appropriate, the applicabie number under
" which the document was written)

10a.

ORIGINATOR 'S DOCUMENT NUMBER (the official document number
by which the document is idertified by the originating activity.
This number must be uniqué to this document.)

DREA Technical Memorandum 91/211

10b. OTHER DOCUMENT NOS. (any other numbers which may be
assigned this document either by the originator or by the
sponsor)

11. DOCUMENT AVAILABILITY (any limitations on further dissemination of the document, other than those imposed by security classification)
{ X} Unlimited distribution
( ) Distribution limited to defence departments and defence contractors; further distribution only as approved
( ) Dtstribution limited to defence departments and Canadian defence contractors; further distribution only as approved
( ) Distribution iimited to government departments and agencies; further distribution only as approved
( ) Distribution limited to defence departments; further distribution only as approved
{ ) Other {please specily):
12.. DOCUMENT ANNOUNCEMENT (any limitations to the bibliographic announcement of this document. This will normally correspond to the Document

Availability (1), However, where futher distribution (beyond the audience specified in 11) is passible, a wider announcement audience may be

selected.)

UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM

DCD03  2/06/87

15

(NON-CONTROLLED GOODS)

REVIEW: GCEC December 2013

classification of the document, inciuding speciai

6b. NO. OF REFS (totai cited in




SECURITY CLASSIFICATION OF FORM

ABSTRACT (a brief and factual summary of the document. |t may aiso appear eisewhere in the body of the document itsaff. 1t is highly desirable that the abstract of
classified documents be unclassified. Each paragraph of the abstract shail begin with an indication of the sacurity classitication of the information in the paragraph
{unless the document itself is unclassified) represented as (S), (C), (R), or (U). It is not necessary to inciude here abstracts in both official languages uniess the text is
bilingual).

A method for determining linear plus quadratic roll damping coefficients from roll decay
tests that is believed to be accurate up to second order in the damping coefficients is
described. Two computer programs are developed to estimate roll decay coefficients via
chi-square fitting using first-order and second-order analyses. The methods are applied to
measured and simulated roll decay data, and excellent results are obtained with both codes.
While the second-order results represent an improvement in both goodness of fit and
accuracy compared with the first-order results, the latter are already so good that the
improvement is considered to be of limited practical significance.

14" KEYWORDS, DESCRIPTORS or IDENTIFIERS (technically meaningiul t6rms of short phrases thal characienze a document and cotid be helpful in caialoguing

the document. They should be selectad so that no security classification is required. Identifiers, such as equipment modei designation, trade name, miiitary project code
name, geographic location may also be included. If possible keywords should be selected from a published thesaurus. e.g. Thesaurus of Engineering and Scientific Terms
(TEST) and that thesaurus-identified. f it not possible to select indexing terms which are Unclassified, the classification of each should be indicated as with the title).

roll
roll damping
roll decay

UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM

16

[ s 4



