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Abstract: The usability of test results of ship model vertical center of gravity and transverse moment of inertia is generally de-

pends on its uncertainty. Referring to the guidelines for uncertainty analysis in examination of liquid dynamic recommended by

International Towing Tank Conference ( ITTC), the results were analyzed, bias limits and precision limits were calculated and

total uncertainty was estimated. The total uncertainty of six tests on ship model vertical center of gravity is is 0. 16% of the

mean value, and the total uncertainty of six tests on ship model transverse moment of inertia is 5. 66 % of the mean value. The

test results show that the total uncertainty of both the multiple tests and the single test is from the precision limits of ship mod-

el vertical center of gravity and transverse moment of inertia tests. Thus, the improved measurement system stability can enor-

mously decrease the total uncertainty of multiple tests and the single test.
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Test uncertainty is quantitative analysis of the
quanlity of test results. The usability of test results
generally depends on uncertainty analysis'. In order
to improve the test veracity of ship model towing
tank, the international towing tank conference (IT-
TC) recommended tanks to offer test results and the
usability of test results, too. China Ship Scientific
Research Center (CSSRC) collected and translated
the recommended procedures and guidelines of uncer-
tainty analysis of resistance towing tank tests and
computational fluid dynamics (CFD) of the ITTC'*,
ZHU et al.® calculated viscosity circumferential
flow field of bare hull of submarine standard model
SUBOFF and analyzed the uncertainty of CFD results
using ITTC temporary procedure; ZHOU et al. M
analyzed the uncertainty of form factor, Froude num-
ber and the breakwater resistance of a standard ship
model; LIU et al. ™ mentioned a new method about
uncertainty of wetted surface; SHI et al. ™ analyzed
the uncertainty of form factor, wetted surface and

Froude number, and presented the analysis results;
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SUN™, YANGY! and ZHOU et al. "% made uncer-
tainty analysis of CFD for ship and propeller using
the procedures recommended by the ITTC.

Most uncertainty analysis of domestic ship model
test was resistance test. No mention was made of
ship model vertical center of gravity and transverse
moment of inertia test. Referring to the guidelines
for uncertainty analysis in examination of liquid dy-
namic of recommended by ITTC!" ", this paper ana-
lyzes the uncertainty of ship model vertical center of
gravity and transverse moment of inertia test and lays
a foundation for the uncertainty analysis of rolling
test in static water and transverse regular wave test

at zero speed.

1 Test design

Preparative work of ship model test in static water
and transverse regular wave at zero speed is the same
as that in resistance test, except that the ballast of

the ship model must to be moved to the required state
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(tonnage, fore draft and aft draft), and the vertical
center of gravity and transverse moment of inertia of
the ship model need to be adjusted. It is receivable to
adjust the vertical center of gravity and transverse
moment of inertia on simple edge shelves. The verti-
cal center of gravity can be adjusted on the right-and-
left edge shelf, and the transverse moment of inertia

can be adjusted on the fore-and-aft edge shelf.
1.1 Principal dimensions of ship model

The resistance test of a 2. 5 m fiberglass-reinforced
plastics (FRP) ship model was conducted in a towing
tank in China Special Vehicle Research Institute in
2012, and the ship model vertical center of gravity
and transverse moment of inertia tests were conduc-

ted before the resistance test.

Table 1 Principal parameters of ship model

Definition Value
Length 2.488 m
Breadth 1.032 m
Height 0.592 m
Breadth of waterline 0. 768 m
Longitudinal center of gravity (station 0) 0.6592 m
Vertical center of gravity(base line) 0. 284 m
Tonnage 113.92 kg

1.2 Measurement of vertical center of gravity

After the ballast of ship model moves to the re-
quired state (including test instrument in ship model)
by right-and-left edge shelf, the support ship model
moves weight for longitudinal balance of ship model
horizontally, and then moves little weight along fore
and aft to get vertical center of gravity by ship slope.
Fig. 1 shows the measurement setup of vertical center
of gravity.

The vertical center of gravity is calculated by

PLd
DAy’

(D

g — H()K -

where z, is ertical center of gravity(m); P is the
weight of the small moving object(kg); L is the dis-
tance of the small moving object(m); doa is the dis-
tance between right-and-left edge and point A (m),
and its position in station O is the same height as
right-and-left edge; D,, is the tonnage of ship model
(kg); Ay is the vertical distance of point A when the

small object moves before and after(m); Hx is the
height of right-and-left edge (m), and it is set at
0.33 m.

Fig. 1 Measurement setup of vertical center of gravity

1.3 Measurement of transverse moment of in-

ertia

The support ship model moves a small object along
fore and aft at the same height, and adjusts the ship
model to transverse balance. There is an initial angle
by holding ship model. After clocking ten periods by
stopwatch, the ship model transverse moment of in-

ertia is got.

Fig. 2 Measurement setup of transverse moment of inertia

Based on pendulum principle, when ship model
gets instantaneous transverse force, the transverse

time which circles fore-and-aft edge is

_ I+Dm(H()K' _Zg)z
T 271'/\/ Dmg(H()K’ *Zg) ’ (2)

where Hog is the height of fore-and-aft edge (m),
and it is set at 0. 587 m.

The transverse moment of inertia is

I— <27;[)2Dmg(H()K/ ) —

Dm(H()K’_Zg)2. (3)

There are total bias limit and total precision limit

described as
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(U.)? = (B.)*+(P.)*, (4
(U[)Z - (81)2 + (P])Z. (5)

where the total bias limits of vertical center of gravity
and transverse moment of inertia of the ship model

can be calculated by

(52) + (52Ban ) + (52285, ) - (®
(B)? = <%PJT>Z+ (%WBDM )+ (;Zigzg )+
(5t ) D

Whatever the precision limits of the single test or
multiple tests are, the standard bias must come from
multiple tests. If multiple tests can not be conduc-
ted, it is necessary to estimate a value for the preci-
sion limit by using reliable information. The precision

limit of multiple tests is

KS dev

P(M) =
VM

€))
where M is test time which determines precision lim-
it; Sg is standard bias of multiple tests; K refers to
the procedures by ITTC, K=2.

The precision limit of single test is

P(S) = KS,.. 9

2 Uncertainty analysis
2.1 Bias limit

Bias limit is uncertainty part due to system effect,
which can be got by the most allowable error of
measurement equipment through combined standard
uncertainty.

Distance is measured by altitudinal ruler and meter
ruler. The most allowable error of altitudinal ruler,
which takes for half width of distribution interval and
has rectangular distribution, is 0. 000 02 m. When
the small object moves before and after, the bias lim-
it of right-and-left edge, By, » and the bias limit of

vertical distance of point A, B, . are given by

By, = By, = 0.000 02/+/3 = 0.000 011 6 m.

The most allowable error of meter ruler is
0. 001 m. The bias limit of distance of the small mov-
ing object, B, and bias limit of distance between

right-and-left edge and point A, B, . are given by

B, =B, =0.001/+3 = 0.000 58 m.

don

The resolution of digital dynamometer to measure
the tonnage of ship model is 0. 02 kg, with rectangu-
lar distribution. The bias limit of tonnage of the ship

model is

By, = 0.02/v3 =0.116 kg

The resolution of digital dynamometer to measure
the weight of the small moving object is 0. 001 kg,
with rectangular distribution. The bias limit of

weight of the small moving object is

Bp = 0. 001 kg/+/3 = 0.000 58 kg

According to Eq. (1), the relevant parameters are
set; Hox=0.330 m, D,=113.92 kg, P=0. 168 kg,
L=2.30 m, don=0. 659 m and Ay = 0.049 3 m.
Thus, the sensitivity coefficients of the vertical cen-

ter of gravity are given by

dz,

dHow
aagi _ gﬁ,}j =—0.000 4,
Zzﬁ :7DL:124” =—0.271 53,
zéng _ ng«H =—0.19 83,
aadz;; —*DTAH =—10.69 22,
9z, _ PLdo _ ) g4 o6

IAy DAL

According to Eq. (6), the bias limit of vertical cen-
ter of gravity, BZE , is 1. 638 1 X107* m. This value
is 0. 06% of z,.

Table 2 shows the composition of total bias limit of
ship model vertical center of gravity. It can be seen
that the bias limits of the weight of the small moving
object P and right-and-left edge Hok account for
87.58% and 11. 88% of total bias limit of vertical
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center of gravity, respectively. Improving measure-
ment system precision can reduce total bias limit of

the ship model vertical center of gravity Bzg.

Table 2 Composition of total bias limit of ship model vertical

center of gravity

Definitions Value Percent of (B:g )?
<&g>2 2.832X1078
(528 )Z 3. 36410~ 11. 88%
IHox PHox . . 887
(ngB' )2 2.153X10 11 0.08%
(')Dm Dy .o . 0
(% )2 2. 480X 10— 87.58%
ap P . .o 0
(%BL)“ 5. 29110 14 0.00%
(ﬁB )Z 1612101 0.06%
Felon Béon . . 0
dz 2
(52Bay ) 1,166 1010 0.41%

The resolution of digital stopwatch to measures
time is 0. 1 s. The stopwatch measures the time of
ten transverse periods, thus the most allowable error
of transverse period is 0. 01 s, with rectangular dis-

tribution. The bias limit of transverse period is

Br = 0.01/+/3 = 0.005 8 s.

The right-and-left edge is measured by altitudinal
ruler, and the bias limit of right-and-left edge,
B » 15 0.000 011 6 m.

Let T=1.59 s and How =0. 587 0. According to
Eq. (3), the sensitivity coefficients of transverse mo-

ment of inertia are calculated by

= 25 Dag(How — =) 5= = 27.303 57,
QODIm = (%)Zé’(H()K/ —2) — (Hox — )" = 0.098 73,
I — () Dug+2DaCHue —2,) =—2.602 56.
== (L) Dug—2Du(How — =) = 2.602 56.

According to Eq. (7), the bias limit of transverse
moment of inertia, B, is 0. 158 36 kg * m®, and this
value is 1. 41% of I.

Table 3 shows the composition of total bias limit of
ship model transverse moment of inertia. It can be
seen that the transverse period almost accounts for

100% of the total bias limit of ship model transverse

moment of inertia. Improving time measurement pre-
cision is the most important, which can reduce the

bias limit of transverse period T.

Table 3 Composition of total bias limit of ship model transverse

moment of inertia

Definitions Value Percent of (Bj)?
(Bp)? 2.508X10 2
al 2 I 2 0
(ﬁ,BT) 2. 508X 102 99. 99%
Jl 2 — 9
(JDmBDm ) 1. 918X 10 0.01%
(71 2 7 0
(ang:g ) 1.918X10 0.00%
o _p )2 9. 114EX 1010 0.00%
(JH()K' Hog! . “ . 0

2.2 Precision limit

Precision limit is uncertainty part due to random
effect, which results from lack of reiteration, such as
random error, instability, impossible accurately re-
installation test state, and so on.

For more exact precision limit, the ship model
needs to be re-installed before every test, and then
the standard bias of a series of tests are evaluated .
This is the best

method including random errors, such as installation

There are six times in the test.

error, longitudinal slope and transverse slope.

Table 4 Standard bias of ship model vertical center of gravity

and transverse moment of inertia test

Test time Ap (m) z(m) T(s) I(kg * m?)
1 0.048 3 0. 284 1.59 11. 251
2 0.048 5 0. 284 1. 60 11. 527
3 0.050 3 0. 285 1. 60 11.523
4 0.050 1 0. 285 1. 63 12. 358
5 0.049 1 0. 284 1. 57 10. 704
6 0.049 2 0. 284 1. 55 10. 165
Average 0.049 3 0. 284 1.59 11. 255
Standard bias 0. 000 52 0. 755 53

Table 4 shows the average and standard bias of
ship model vertical center of gravity and transverse
moment of inertia test.

Accodting to Eq. (8), the precision limit of multi-

ple tests of ship model vertical center of gravity is

po _ Ko 20.00052 _
- Y
1,216 410" m,
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This value is 0. 15% of =,.
According to Eq. (9), the precision limit of single
test of ship model vertical center of gravity is
P, = KX Su, =2X0.00052 =
1.032 8 X 107° m.

This value is 0. 36 % of z,.
According to Eq. (8), the precision limit of multi-
ple tests of the transverse moment of inertia of the

ship model is

_ KSuy _ 2x0.755 53
M 75

This value is 5. 48% of I.
According to Eq. (9), the precision limit of single

Py

= 0.616 9 kg » m’.

test of ship model transverse moment of inertia is

Pr = K XS4, =2X0.75553 = 1.511 1 kg « m®.
This value is 13. 43% of I.

2.3 'Total uncertainty

According to Egs. (4) and (5), combining bias
limits and precision limits of single test and multiple
tests, total uncertainty are evaluated.

The total uncertainty of the multiple tests of ship

model vertical center of gravity is

Us = (B 4 (P)")? = 4544 0X 107,

This value is 0. 16% of z,.
The total uncertainty of the single test of ship
model vertical center of gravity is

U, = ((B)?+ (P )% = 1.046 4 X 107,

This value is 0. 37% of z,.
The total uncertainty of the multiple tests of ship
model transverse moment of inertia is

U[ = ((Bl)Z +(P1)Z)% = 0. 686 9.

This value is 5. 66 % of I.
The total uncertainty of the single test of ship
model transverse moment of inertia is

U, = ((B)?+ (P)?)T = 1.519 3.

This value is 13.50% of I.

Table 5 shows the composition of total uncertain-

ty. It is helpful to systematical analysis of the total
uncertainty of ship model vertical center of gravity

and transverse moment of inertia test.

Table 5 Composition of total uncertainty

Definitions Value Percent (%) Annotation
(U:)* 2.061X1077
(B )? 2. 8321078 13.74 Percent of (U:7)?
(P)? 1,778 X107 86. 26 Percent of (Uz)*
(GO 1.095X10°¢
(B )? 2.832X 1078 2.59 Percent of (U )*
(P, )2 1. 067X 106 97. 41 Percent of (U, )z
Up? 4, 056101
(Bp)? 2.508 X102 6.18 Percent of (Uy)?
(Pp)? 3.806X10"1 93. 82 Percent of (Ur)?
wp? 2. 308
(Bp)? 2.508X1072 1.09 Percent of (Uj)?
(Pp)? 2.283 98.91 Percent of (Uj)?

3 Conclusion

1) Improving measurement system precision for
the weight of small moving object and right-and-left
edge can reduce the total bias limit of ship model ver-
tical center of gravity. Improving time measurement
precision is the most important, which can reduce the
bias limit of transverse period, and furthermore, can
reduce the total bias limit of ship model transverse
moment of inertia.

2) Whatever total uncertainty of multiple tests or
single test is, primary part of ship model vertical cen-
ter of gravity and transverse moment of inertia comes
from precision limit. Impoving the stability of meas-
urement system can reduce precision limit, and fur-
thermore, can reduce total uncertainty of multiple
tests and single test.

3) This test is conducted six times repeatedly. The
total uncertainty of multiple tests is half of single

test. Therefore, it can be proven that the method of
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multiple tests is more effective to reduce total uncer-

tainty than single test.
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