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Forces on submerged surfaces

» Pressure was discussed in the previous lecture. This lecture
uses the knowledge on pressure from the previous lecture to
compute the magnitude and location of the force due to that

pressure.

» In the design of devices and objects that are
submerged, It Is necessary to calculate the
magnitudes and locations of forces that act on
both plane and curved surfaces.

» Examples:

= dams

= gates on dams e.g., spillway gates at Kariba dam
= flow obstructions

= surfaces on ships and submarines

= holding tanks




Forces on Plane surfaces

The force on one side of a plane surface Is
always normal to the surface, no matter what
Inclination the surface takes to the surface of

the fluid in/which it is submerged.
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Magnitude of the force : l /
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where we usually use gage pressure. Atmospheric

pressure cancels out since it acts on both sides of the area.

» The x and y coordinates are in the plane of the plane
surface, as shown. Assuming thatp =0 ath =0, we

know that

Yh Since h =y sina
= yysina 2

p



Where h is measured vertically down from the free surface
to the elemental area dA and y i1s measured from point O
on the free surface.

The force's: F :j pdA:jyysin adA=ysi aj ydA
A A A
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Figure 3.1 Forces on an inclined plane area

Centroid is the center of mass. If you cut a shape out of a piece of card it
will balance perfectly on its centroid.



Yhdd
Inclined plane arc\ /L;’// | \ F - )/Sln a-‘. ydA 3
(side view)A/ A | . A
o oo From moment of areas yA=|ydA

Pl

................. , o - 1
The-distance to a centroid is definedas Y= A j ydA 4
A
Making IydA the subject of egn 4 and substituting in egn 3,
A

the expression for force then becomes
j ydA = yA put this into Equation 3
A

F =ysin 05_[ ydA = ysin ayA=yysin oA
A

and since ysin o =h
F ==yysin A= yhA=P.A 5
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where h is the vertical distance from the free
surface to the centroid of the area
pc 1s the pressure at the centroid
This is the magnitude of the force
» Thus we see that the magnitude of the force on a plane
surface is the pressure at the centroid multiplied by the
area.



_ocation of the force

(the center of pressure)

 \We now have to find the location of the

force /




» The force does not, in general, act at the centroid (but
the center of pressure).
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» The value of y, can be obtained by equating moments
about the x-axis: y F = j y(pdA)

A

y,F = j ypdA = J’ y(ysin @)dA = ysin o j yidA=A sina 7
A A

A

A 5 o
(since p =yysina  eqn2)  pore the second moment of the area about the x-axis is

Iy = [, y*dA 8
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» The second moment of an area can be determined from
s < This is
the second moment of an area | about the centroidal done to

relate the

axis by the parallel-axis-transfer theorem, center of

Iy = T+ Ay? 9 =
» Substitute eqns 6 aM?(pr =, sin a)to obtain

_Asina 7(T+A§/2)Sin a y(T+A§/2)sin o
F 7/HA 7§/Asin o
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F =yhA = p A 6




where y 1s measured parallel to the plane area along the
y-axis. (Insert Appendix C or refer to tables with formulas)
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» Using eqn 10, we can show that the force on a rectangular
gate, with the top edge even with the liquid surface acts two-

thirds of the way down. \
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Fig 3.2 Force on a plane area with top edge in a free surface

» Eqn 10 shows us that y,, is always greater than y 1.e., the

resultant force of the liquid on a plane surface always acts
below the centroid of the area



» Similarly, to locate the x-coordinate x,, of the c.p., we
write

xpF = |, xp dA (since p = yysina  eqn2)
= ysina [, xydA =yl sina 11

where the product of inertia of the area A 1s
Iyy = [, xydA 12

Free surface p=0
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» Using the transfer theorem for the product of inertia,
vy = Lyy + AXYy 13
» Substitute eqns 6 & 13 into eqn 11 & obtain

|
xp=>_<+A’:i 14
V%

We now have coordinates for locating the center of

. |
Pressure: XoVoie  x — x4 ]
p AY Yp =Y+ Ay

The magnitude is F F =yhA = p.A 6



»Finally, we should note that the force F in Fig 3.1 is the result

of a pressure prism acting on the area

(a) (b) (c)

Fig 3.3 Pressure prism: (a) rectangular area (b) pressure distribution (c) pressure
prism
> If we form the integral [ p dA, we obtain the volume of the

pressure prism, which equals the force F acting on the area n
Fig 3.3 (¢).

» The force acts through the centroid of the volume of the
pressure prism  Note: not centroid of plane surface



Example

A plane area of 80 em % 80 cm acts as a window on a submersible in the Great Lakes. If it is
on a 45" angle with the horizontal, what force applied at the bottom edge is needed to just
open the window, if it is hinged at the top edge when the top edge is 10 m below the surface?
The pressure inside the submersible is assumed to be atmospheric.




A plane area of 80 cm X 80 cm acts as a window on a submersible in the Great Lakes. If it is
on a 45° angle with the horizontal, what force applied at the bottom edge is needed 1o just
open the window, if it is hinged at the top edge when the top edge is 10 m below the surface? T
The pressure inside the submersible is assumed to be atmospheric.

Inclined plane area
(view from above)

Solution: The force of the water acting on the window is

F= yhA EQ. 5
= OR10(10 + 0.4 x 8RR 45°)(0.8 % 0.8) = 64 S60 N

The distance vy (see Fig. 2.8) s

h 10 + 0.4 x gin 45°



s0 that

Inclined plane area
(view from above)

= 14546 m

Yo >y!



Free surface p=0
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Taking moments about the hinge pr the needed force P to open the window

08P = (y, — ¥ + D4)F

14546 — 14542 + 04

oor | B 08 64 560 = 32610N

Note: P has to be smaller because of the longer moment arm



