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Extended Essay in Physics
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Investigation of the effects the change in vertical centre of
gravity has on the stability of a canoe %
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Abstract

This essay studies the effects the change in vertical centre of gravity has on the
stability of a canoe. The research is conducted with the performing of an “inclining
test”. Moving the Vertical Centre of Gravity (VCG) by adjusting the height ofa 10 kg
deadweight by moving it upwards an locking it in different position on the mid pole.
And for each new posistion add increasing weight on the side to create an
overturning moment, causing the canoe to gain an angle of inclination. The results
were recorded by suspending a plummet from the top of the mid pole, so that it
hung freely and would not be subject to any other forces than gravity. Thus whilst
gaining an inclination angle, the plummet will react accordingly. Making the angle of
inclination calculable by trigonometri. In calculating the VCG of the canoe, the canoe
was hung on the side creating measurable force pairs, which then made the VCG
calculable. Also, all equipment mounted in the canoe was weighd, and its
momentum calculated relative to the height it was placed at. Giving the overall VCG
when all equipment was mounted in the canoe.

The research showed an exponential relation between VCG and inclination angle, as
the VCG also affected other factors involving the stability of the canoe,

Overall this investigation shows that the VCG is a substantial factor in the stability of
a canoe, although different hull constructions might be affected differently, it will
still remain one of the most important factors.

Word Count: 252
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1. Introduction

1.1 Background
}}rw\w;r Several people die every year due to canoe accidents. The reason for this may be due
g wa'”:ﬂ to little experience with canoes. Often people have limited knowledge of how the
wd - canoe acts in water, and how sensitive its stability is to changes of the vertical centre
Yuw- of gravity, e.g. when lifting a heavy object from the bottom of the canoe, thus moving

”‘i";& t":: o/ its Vertical Centre of Gravity (VCG) upwards. Therefore it is interesting to see how

s# much this vertical change influences the stability of the canoe. .
I3 .wk .é. N;\,‘g
'M\’bvz 2GS 1.2 Objective 4 C;J:faj

v 2 o ')ya"" The objective of this study is to find the connection between the change in VCG and ? UM
+" v o the angle of inclination that the canoe develops when weight is added on the side of P
(o - h i e findine th h " s M
0 3 the canoe, i.e. finding the answer to the question:
9%n

0 ./

\:\4;_ “How does the change in vertical center of gravity affect a canoe’s stability?” "

VS \
/2. Equipment description and setup e

x
2.1 General description 5’7 /

The equipment used to perform the experiment is shown in picture 1, and may be
. described as follows: —
by, 2 o . . .
W NJ(C\ \ 1. Avertical pole is fixed in the centerline, at the amidships section of the canoe.
\fv&! Lt This was done by fixing a transverse support, with a drilled hole for the pole,
W P
dw“‘* v to the gunwale amidships. Likewise an anchoring support for the pole was
fixed to the bottom of the canoe.

2. A 10kg deadweight was used to change the VCG by sliding and locking it at
different levels of the pole.

3. A transverse stay was used to prevent bending of the centre pole.

-

To create a roll moment, additional weights were added on to a side pole
fixed to the starboard side of the canoe.

5. To measure inclination angle of the canoe, it was used a plummet suspended
from the top of the pole and a measuring stick positioned horizontally at the

same level as the transverse support. g

S

S
T NS
%



2.2 Schematic sefup

G

Figure 1

The setup of the experiment is shown schematically in Figure 1 above. B represents

the weight being moved upwards to change the VCG.

At E the additional weight was added to create a roll moment, thus giving the canoe

an angle of inclination. This inclination angle is calculated by the use of

trigonometry. A plummet was suspended from A so that it hung freely and would

not be subject to any other forces than gravity. Thus as the canoe gained an angle of

inclination when additional weight was added at E, the plummet gave a point D, thus

the side CD was measurable. Hence all sides and angles of the triangle ACD can be

calculated with the use of trigonometry. g,  anases

() “\At point F balance weight was added so that when no weight was added at E, the ¢ Veoga Q(f\ \

plummet would hang parallel to the mid pole. Hence the inclination angle would be

0, and the transverse CoG is in the centerline. This was needed to balance the canoe e
as the equipment mounted in the canoe displaced the transverse CoG towards the -

right. Thus making the canoe tilt slightly towards the right. \ §
a. \4/\/}{ Q&'\X\Jv—_ ¢ \QJ‘M\



Figure 2

By constructing a horizontal perpendicular through point A, and a vertical
perpendicular through point C. They will intersect at H, thus creating a new triangle,
HCA. This triangle will then have the same angles as ACD, subsequently the angles
CAD and HCA are equal. Looking at Figure 2 above we see that the angle HCA is the

inclination angel of the canoe. Hence calculating the angle ACD will We the )
inclination angle, as the angles are equal. (& \won Comtrains ( e
Cwmwmal WQMM/IVNN%‘\RA \A{MMM&- QM
};\M&m A W A, \sAnd w\o{/@ i e Syt h ?.

3. Procedure

3.1  Preparation

3.1.1 General

Before performing the experiment, it was important to find the position of the CoG,
both in longitudinal, transverse and the vertical direction. This was done as
described in sections 3.1.2 through 3.1.4

3.1.2 lLongitudinal CoG

As this investigation aim only to find how the vertical CoG affect the transverse

stability of the canoe, the longitudinal CoG needs to remain the same throughout the
experiment. Therefore the pole carrying the movable weight needs to be placed at

the longitudinal CoG so that it will not affect the results. %“"‘:‘

Finding the Jongitudinal CoG is easily done, by rolling the canoe over a cylindrical
pole on a smooth surface until the canoe stays on top of it, not tilting to either side.
This is illustrated by picture 1 and is shown schematically in Figure 3 on the following

page.
v wﬁvfk D)
-



Picture 1 R o Figure 3 /
/:“M :r’:(‘
WS
Vv

3.1.3 Transverse Centre of Gravity

During the experiment the transverse centre of gravity needs to be in the centerline.
As further described in section 3.2, this is obtained by adding a balancing weight to
make the canoe float with no initial list.

3.1.4 Initial vertical CoG

Furthermore, to be able to estimate how heavy weight that should be used to move ,/«v‘fﬁ
displace the vertical CoG, and the height of the pole being used to hold the weight at LA
fixed positions should be. It was crucial to know the vertical CoG of the empty canoe. wﬂ% &

So that by calculating the momentum (mass of weight multiplied with height), it was M
possible to examine the effect it would have on the vertical CoG of the canoe.

To establish the vertical centre of gravity of the empty canoe, it was necessary to
carry out the two-weighing/measuring operations described below.
Firstly, the weight of the canoe was found by hanging it from one rope at each end of
the canoe, measuring the force at each of the ropes. The measurements were done
using a scale with a working range 0-25 kg and the results were as follows:
\m—l q(dd

1974191 10405 | R v\ o)
W= 2 = 38,8 kg total weight e Y

H

Then the canoe was hung from the two ropes again and a turning moment was
applied to the canoe by the pull of two ropes positioned at the longitudinal centre of
gravity. The ropes were pulled until the canoe was hanging on its side as shown in
picture 2 ensuring that the ropes carrying the weight of the canoe were hanging
vertical and in a position 90° to upright position. In this way the two ropes created a



force couple and the upper force was again measured by using the scale.
Schematically the setup is shown in figure 4 below.

Picture 2
Figure 4 T

Y equals the VCG of the canoe, thus meaning that if X is found, X can be subtracted
from the height of the canoe, which is YX to give the vertical CoG Y.
The force couples are two equal, but oppositely directed forces acting
simultaneously on opposite sides of an axis of rotation. So in this case we have that
( M? 2 ) F1 ﬂﬁ(‘}man.d Fz =F3, thus as angle b.etween Fiand the canoe is 90° the yﬂqwtﬁzﬁ of G
the rotational forces acting on point M are equal.

The magnitude of the force couple is the sum of the products of each force and its

moment arm.

This gives that PM e F, = X 2, solving for X we get -@4&:& =X, as all the other

76,5014,1

forces and lengths are measurable we get 358

47cm Y = 47-27.8=192cm. o
Z? : Ng 2 \*\,c o T O{\w_m@j@iig

+ INTeal
=

~27,8cm. Hence as YX equals
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3.1.5 Vertical centre of gravity including equipment k\ﬁf
As all the equipment mounted in the canoe will also affect the vertical CoG, so the

sum of the momentdm of all the parts divided by their weight will give the resulting

/

CoG.ShowninTablel  gyacs 5 s B3
Canoe 38,80 19,20 744,98 ) TG e
Bottom support, longitudinal 113 0.95 1,08 e Sl
Bottom support, fransverse 0,33 3,06 1,00 7
Upper transverse suppont 2,71 37.00 100,27 \&}g ’
Sidepole 0,13 63,00 8,00 Y
Side pole support 0,22 40,45 8,70 A
Mid pole 0,60 109,50 85,70 Wy
Ballance welght 2,00 39,00 78001 7
Sum | 4592 31215 | 1007,71 4+ 7
Table 1

a\!}w\}-‘&ﬂ"ﬁ'{i ot

Jts now possible to examine what effect a weight of e.g. 10kg will have on the VCG of
the canoe.
A wﬂg@@%’%kg placed 80cm above the bottom of the canoe will have a momentun
of 800,if this was added to the table above the resulting CoG would be
approkimately 32cm, which means that the weight has moved the VCG 11.5cm
upwards. Hence a weight of 10kg was believed to be sufficient when conducting the
experiment.  Coumeslt agsiogs w v cns

o

3.1.6 Mounting the equipment
The equipment was mounted in the canoe with respect to the above mentioned
controlled parameters (see section 2.2), hence the pole was placed in the

intersection between the longitudinal and transverse CoG. Each part was weighed N A 9
and its momentum was calculated with respect to its position in the canoe relative M"’V Vs ko
to the keel, so that the resulting VCG was under control {(see Table 1). A wire was Y o A

. v
connected from the top of the pole and to the side of the canoe, so that when the WK o 1
canoe gained an inclination angle, the weight would not bend the pole and affect the (7 o
inclination angle, thus the weight would stay at its designated position at all times. P el

Y

Y.



}

3.2 Conducting the experiment wew AN

V\f‘
After placing the canoe on water, the first thing to be done was to add balance
weight so that the plummet would hang paraliel to the mid pole, and reassuring that
the canoe was perfectly still while doing this.

Then, with the weight placed at its initial position, one by one weights of 1kg each
was placed on the side pole. The new position of the plummet was measured and
noted for each of the added weights.

After a total of 6 recordings, the weights on the side pole were removed. And the
weight on the mid pole was moved to its second position. Again it was reassured
that the plummet was parallel to the mid pole before adding weight on the side pole.
As the first time one by one, weights of 1kg were added, and the posmon of the
plummet was noted. (VAN
Repeating this a total of four times, but at the third and fourth posmon Jitavas not
possible to add all six weights on the side pole. As the canoe was no longer able to
gain an equilibrium at its new inclination angle, s SR

but would capsize by the slightest touch.

Picture 5

/

Picture 4

10



4, Data collection and processing

4.1 Raw data /
The raw data collected durmg the procedure is noted in the Table 2 below.

wa\ N

=

e uJ\Aﬂv 53“\\“'“
ST v

‘()\m% ()>

0] o} o 0 .
] 25 4 5 7 MaSS W
2 6,5 85 11 16,6
3 105 14 19 3 1Y
0,
4 1 195 35 x| (& i U
5 19 275 X X gy
6 26 36,5 X X
-~ {
«< 2 ki
V Tablez 7 S0 & .

Seen from the Table 2 above, no data was collected for added weight >4kg at
position 3 and >3kg at position 4. This was because, as mentioned earlier, the canoe
did not have enough righting momentuga to keep it from rolling over.

4.2 Processed data

The inclination angle in degrees is calculated by dividing the plummet displacement
by the length of suspended line attached to the plummet (measured to 179cm).

\
e Arctan of this value then gives the angle in radians, muliplying this with 180 then
T

gives the inclination angle in degrees.

Ex. For the first recorded displacement at position 1

-1
oy / =tan [34:5—]-1—8—0:0.80"
179) x

1

N e ‘é&fl}_: codedoly B B&W 'N\\i\-‘m- )

The rest of the processed data is given in Table 3 below.

11



1

X -
-
e
[ Inclinationangle (Degrees) |
-Weight|Position 1[Position 2 |Position 3|Position 4
A% 0 0 0 0
1 0,80 1.28 1,60 2,24
2 2,08 2,82 3,52 5,27 \\P
3 3,36 447 5,08 4.83 5
4 4,47 5,22 5,58 N e M
5 6,06 8,73 permmon e
6 7,895 11,63 .
v/ Table3 u
\aap Aot . \(
See Figure 2, page 6, and the text following it for further explanation. . . . oMo ed
5. Data presentation and analysis
5.1 Presentation
The processed data is presented in the two following graphs:
14,00
w 12,00
g
5 10,00
=X
2 800
g
e 600
S
g 4,00
£ 200
0,00 v T '
20,00 25,00 30,00 35,00 40,00 45,00 50,00
Centre of Gravity (cm)
v Graph1l

12



Inctination angle as function of inclination weight

v

——COG {cm) = 24,91
~B- G0G {em) = 32,54
COG {cm} = 40,18

- COG {om) = 47,82

inclination angle [Degreos]

0 1 2 3 4 5 6 7

Inclination weight [Kg) /

Graph 2 /

!/w"{: ‘ ﬂ-{j et L( '\.
5.2 Analysis = (ransk Npasdpa
~ wm/\g Lamyouns)

,Qj{ws from Graph 1 above is that the inclination angle grows exponentlaﬁy with

the COG, but the growth differs with different weight added on the side.

Graph 2 on the other hand shows how the canoe acts for more weight put on the
side for each specific COG. Interesting to note from Graph 2 is the largest inclination
angle recorded, which is nearly 12¢. As in the two next positions it was not possible
to add as much weight on the side and as the canoe would not have enough righting
momentum to keep it stable. Looking closer the increase in inclination angle
between each added weight, it is noticeable that the increase is so large that the next
point in both cases would be expected to be exceed 12° by >2¢, And observed
during the experiment was that the canoe’s stability at the largest recorded
inclination angle was almost non existing and the smallest weight added by touching ‘
it caused it to loose all its stability. By this it is possible to assume that the canoe’s

-~

maximum inclination angle. 5 0, /
J
For further analysigof the results it is necessary to have some idea of these terms; %) )
center of buoyancy, metacenter, metacentric height {GM), GZ {righting arm). All . J o
displayed in Figure 5 below rb\
* The center of buoyancy is the COG of the volume of water, which the hull /

displaces.

. Metacenter/ the point at which a vertical line through the tilted center of
buoyancy crosses the line through the original, non-tilted center of buoyancy,
Considered to be fixed for small angles (up to 109).

e Metacentric height (GM) is the distance between the metacenter and the COG.

e (Z, otherwise known as the righting arm, is the horizontal distance between
the center of buoyancy and the center of gravity. And is a theoretical lever
through which the force of buoyancy acts.

13



Figure 5

Source: http://en.wikipedia.org /wiki/File:Metacentre.png -'/
In this experiment G
(referring to Figure 5} is being moved upwards by using 10 kg deadweight. Thus the
metacentric height decreases for each position the deadweight is moved upwards.
Subsequently the righting arm (GZ) will also decrease with it, leading to an overall
smaller righting momentum, as the force of buoyancy acting on GZ does not change.

If G is moved above M, the stability is said to be negative, as there is no lever for the

force of buoyancy to act on. If this were to happen, either capsize or heel until the /’
metacenter is increased and has exceeded G. But an increase of metacenter is

dependent on the structure of the hull.

?(?the flat bottomed construction of the hull. When the canoe gains an angie of

inclination beyond 12¢, the waterline reaches the edges leading to the bottom of the
canoe. This changes the waterplane area drastically, which affects the metacenter
since the metacenter can be calculated by the formula below.

1
BM = =
vV

Where B is the center of buoyancy, | is the moment of inertia of the waterplane’s
area and V is the volume of water the hull displaces. B and V being equal as |
decreases, M will subsequently decrease as well. Thus the metacenter moves

14



downwards towards G, and as previously explained a smaller metacentric height
gives a smaller righting momentum.

Also interesting in Graph 1 is the fact that for small weights added e.g. 1-2 kg, the s
effects of a higher VCG seems to have little effect on the inclination angle. It is of
course an increasing angle as the VCG increases but only by few degrees. E.g. for 1kg
added, an increase of VCG from 25 cm to 48 cm only results in the inclination angle
increases 1,44°. As opposed to 3kg where the same increase of VCG gives an increase
of 6,5° inclination angle, which is more than 4 times the same increase for 1kg.
Although the metacenter stays fixed, the center of buoyancy will move in an arc
around the metacenter, and it will tend to the side the canoe heels because the
volume of water displaced by the hull will shift to that side, thus changing the
displaced waters COG i.e. the center of buoyancy. Henceforth as G remains fixed as
the canoe heels, the Z moves away from it, increasing the righting arm (GZ) and the
canoe’s ahility to stay even keeled.

Right &rm
b
Limit of stability
/ P
g \\ Anigle ul Hewl 3

/ A E N
Dargga- Angle ( 1/2 angla of
aAngie af maxirum rrazanum
Rightirg Arm} righting &rm
Graph 3

Graph 3 is an schematically drawn GZ-curve, which is the most commonly used way
of show the stahility of a vessel. It will differ from vessel to vessel, but the above
graph shows the most usual way it appears. And it clearly confirms how the stability

of the canoe acts. For small angles it has an increasing righting arm, but upon pa
it

reaching g the maximum angle it decreases rapidly, as the center of buoyancy shifts. "’(S ¢

In this experiment, we also had an added effect of the metacenter moving - e

downwards, decreasing the metacentric height, due to the construction of the hull. - @-tm

—

Wheras in a normal vessel, the hull is designed so that the metacenter increases
when it gains larger angles. So when the buoyancy moves back towards the center
after reaching its maximum, the hull is constructed so that the metacenter increases.
This slows down the decrease of GZ, allowing the maximum angle of heel to be
beyond maximum righting arm. Therefore, normal vessels have GZ-curves similar to
the one above, where the maximum angle of heel is reached long after reaching the

maximum righting arm.( L wet Lanm o€ )
- COAN

-M
\N‘“ . id‘!? “&%
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M\ﬂ‘” 15
quy)\ W
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C@-
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Angle of maximum maximum .
Righting Arm) righting arm

Graph 4

However, for the canoe the metacenter stays fixed until it reaches what is believed
to be its maximum righting arm. And then both the metacenter and the center of
bouyance shifts towards the center of gravity. Causing the canoe to loose all its

stability and thus it will capsize. Hence the GZ-curve would be similar to Graph 4

above.
Lg/u/(( Fan L\N\ N
ﬂi du\% % bﬂ%ﬂ
/6. Conclusion and evaluation fp\\@.

6.1. Conclusion Y
It was noticeable that the rela&bi?lh E;Sé.‘tween VCG and inclination angle is

[V IR exponentially increasing with thcﬂ/CG. This was because the stability of a canoe is M\f S
e dependent on humerous variables, most importantly metacenter, center of %z W,\r (\/(N‘“\:\
buoyancy and VCG.

In this investigation the aim was to assess how the use of VCG as an independent
variable would change the stability, and although not measurable, the two other
before mentioned variables are dependent on the inclination angle. And act
differently for different angles:
¢ Forsmall angles (8 < 129), the metacenter is believed to stay fixed.
¢ The center of buoyancy will move in an arc around the metacenter,
depending on COG of the water the hull diplaces.
o Reaching a maximum angle, it will tend towards the center
again.
o Forlarger angles (0 » 129} the metacenter is believed to change,
depending on the hull structure.
o In this case, towards the VCG.
The effect of an increasing VCG is that the metacentric height decreases, giving a
/ smaller righting arm. Subsequently the canoe gains larger inclination angles more
easily, which then causes the other variables to act in a way that decreases the
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stability. Thus the effect of moving the VCG upwards becomes an exponential one,
with regard to inclination angle.

6.2 Evaluation

Although a probable conclusion, this investigation suffers from many sources of
error:

e Itwas conducted in an open environment

o Low accuracy in measurements
= Affected by waves and wind
Wlnodmuw, J= ©  Measuring the angle of inclination was not to accurate, as it was hard to
g e

y) obtain an equilibrium.
Ve O #wl, .

Center of buoyancy and metacenter not measurable TRy
Rt o These calculations are far too advanced. “’d:‘ AR
*» E.g.metacenter is calculated by integration of crossections of LpAnn
the canoe. s
Some imporvements could then be:
e
»

Conducting the experiment in an enclosed environment.
L

Pl
Using a canoe with a known metacenter.

Leom L -
@ ,»M!\'“M!Mf)
e Better measuring instruments. i q s m(gj: :
. (-W 3
However, the results seemed probable, and were all explainable by known factors
affecting the stability of a canoe.
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