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We have seen the following features of statics fluids

 Hydrostatic vertical pressure distribution

 Pressures at any equal depths in a continuous fluid are equal.

 Pressure at a point acts equally in all directions (Pascal. s law).

 For fluids at rest we know that the force must be perpendicular to the 

surface since there are no shearing stresses present.

 The pressure will vary linearly with depth if the fluid is incompressible.

Review
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Classification of Fluid Forces
All forces in fluid mechanics are divided into two distinctive types: 

i. Body forces (gravity , centrifugal and electromagnetic forces), are external forces that act 

on a small fluid element in such a way that the magnitude of the body force is proportional 

to the element’s mass (or volume)

 Body forces are considered to be external 

forces; i.e., they are thought of as acting 

on a fluid, but not as forces applied by a 

fluid

 They exert their influence on a fluid at 

rest or in motion without the need for 

physical contact between the external 

source of the body force and the fluid
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ii. Surface forces, such as those exerted by pressure or shear stress, are forces that act on a 

fluid element through physical contact between the element and its surroundings.

 Surface force is exerted across every boundary or interface between a fluid and another 

material.

 The second material may be a solid, another portion of the same fluid, or a different fluid.

 These forces exist at every interface wetted by a fluid and are present irrespective of whether 

the fluid is at rest (pressure only) or in motion (pressure and shear stress).

Classification of Fluid Forces

 From a macroscopic point of view, surface 

forces are applied to this interface by the 

piston and by the fluid are equal in magnitude 

and opposite in direction (Newton’s second 

law).
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Classification of Fluid Forces

 Surface forces are the macroscopic consequence of molecular momentum transfer

 From a molecular perspective, the surface forces applied to this interface by the 

fluid are generated through molecular momentum transfer through the interaction of 

moving fluid molecules with the molecules of the solid piston.

 Surface forces are forces exerted by a fluid on a solid is always equal and opposite to 

the force exerted by a solid on a fluid.

 A surface force depends on the contact area between a fluid and a second material.
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Hydrostatic Force on a Plane Surface: Tank Bottom

Simplest Case: Tank bottom with a uniform pressure distribution

atmpatmphp -=-

hp 

Now, the resultant Force:

RF = pA

Acts through the Centroid

A = area of the Tank Bottom

When a surface is submerged in a fluid, forces develop on the surface due to the 

fluid.

 For fluid at rest, force must be perpendicular to the surface since there are no 

shearing stresses present.

For 

incompressible 

open to the atmosphere
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Hydrostatic Force on a Plane Surface: General Case

General Shape: Planar 

View, in the x-y plane

is the angle the plane makes

with the free surface.

y is directed along the plane 

surface.

The origin O is at the Free 

Surface.

A is the area of the surface.

dA is a differential element of 

the surface.

dF is the force acting on the 

differential element.

C is the centroid.

CP is the center of Pressure

FR is the resultant force acting 

through CP

 Determine the direction, location, and magnitude of the resultant force acting on an submerged 

inclined plane surface.
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Hydrostatic Force on a Plane Surface: General Case

Then the force acting on the differential element:

Then the resultant force acting on the entire surface:

With  and  taken as constant:

We note,  the integral part is the first moment of area (first moment of inertia) 

about the x-axis

We  note h = ysin



y

h

h = ysin
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 The magnitude of the force is independent of the angle θ and depends only on the 

specific weight of the fluid, the total area, and the depth of the centroid of the area 

below the surface

 The magnitude of the resultant force is equal to the pressure at the centroid of the 

area multiplied by the total area.

Hydrostatic Force on a Plane Surface

Where yc is the y coordinate to the centroid of the object. 

hc
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 Since all the differential forces that were summed to obtain FR are perpendicular to 

the surface, the resultant FR  must also be perpendicular to the surface

 The location of the force FR (yR) can be determined by summation of moments 

around the x axis, that is, the moment of the resultant force must equal the moment of 

the distributed pressure force, or

Hydrostatic Force on a Plane Surface

where

Second moment of the area, Ixc
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Where Ixc is the second moment of the area with respect to an axis passing through 

its centroid and parallel to the x axis.

 For a submerged plane, the resultant force always acts below the centroid of the 

plane.

 Similarly, the x-coordinate can be found

Keep in mind that hc = yc sin

Hydrostatic Force on a Plane Surface
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Hydrostatic Force on a Plane Surface
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A rectangular dam ( 20 m wide and 10 m high is shown in the figure below. One side 
of the dam is exposed to atmosphere, the other side to water whose top surface is 
leveled with the top of the dam. What is the net force on the dam?  

mHhmWHAAhF ccR 521022001020 2  //))((


MN81.9)200)(
2

10
)(9810(

2
 A

H

“Front view” “Side view”

W=20 m

H=10 m

Water;
 = 9810 N/m3

hc=H/2=5 m

iFR


MN81.9

Example
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ftHhftWHAAhF ccR 253/753/3750)100)(75)(5.0(5.0 2  


iF

A
H

R


Mlbf.

Mlbf.))()(.)(.(

855

8553750
3

75
1732941

3



 

A triangular dam ( 100 ft across the top and 75 ft deep). Liquid water is up to the top 
on one side and the other side is exposed to atmosphere. What is the net force on the 
dam?  

“Front view” “Side view”

W=100 ft

H=75 ft

hc=H/3=25 ft

Example
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A circular gate of a dam has 2 m in diameter. Calculate the net force on the dam.

iF

R

RhRAAhF

R

ccR





kN.

kN.))()((

830

83019810 33

2










“Side view”“Front view”

R= 1m

water

hc=R= 1m

Example
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 A large fish-holding tank contains seawater

Example

to a depth of 10 ft as shown.
To repair some damage to one corner of the tank, a triangular section is replaced with a new 

section as illustrated. Determine the magnitude and location of the force of the seawater on 

this triangular area.

= 10-1 = 9 ft

9 ft
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Example Cont.

The y coordinate of the center of pressure (CP) is found from

Thus, we conclude that the center of pressure is 0.0278 ft to the right of and 0.0556 ft below the 

centroid of the area

The x coordinate of the center of pressure 

where

where

A= ½*b*a
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Example
Triangular gate CDE is hinged along CD and is opened by a normal force F applied at E. It holds 

oil, s.g 0.80, above it and is open to the atmosphere on its lower side. Neglecting the weight of 

the gate determine (a) the magnitude of force exerted on the gate, (b) the location of pressure 

center; (c) the force P necessary to open the gate

= 5

yc = 5+8 

=13 ft

x

y
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s.g
= 0.0

= 13 ft
= 0.32 ft

yR= 13.32 ft

When moments about CD are taken and the action of the oil is replaced by the resultant,

Example Cont.

yc
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Example
 A heavy car plunges into a lake during an accident and lands at the bottom of the lake on its 

wheels. The door is 1.2 m high and 1 m wide, and the top edge of the door is 8 m below the 

free surface of the water. Determine the hydrostatic force on the door and the location of the 

pressure center, and discuss if the driver can open the door.
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Hydrostatic Force: Vertical Wall

Find the Pressure on a Vertical Wall using Hydrostatic Force Method
Pressure varies linearly with depth by  the hydrostatic equation:

The magnitude of pressure at the surface po = 0.0 and at bottom is p = h 

The width of the wall is “b” into the board

The depth of the fluid is “h”

By inspection, the average pressure 

occurs at h/2, pav = h/2

The resultant force act through the center of pressure, CP: 

 

h
hh

y

h

bh
h
bh

y

R

R

3

2

26

2
2

12

3





O

yR = 2/3h

y-coordinate: 3

12

1
bhI xc 

2

h
yc 

bhA 
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Hydrostatic Force: Vertical Wall

x-coordinate:

 

2

2
2

0

b
x

b

bh
h

x

R

R



0xycI

2

b
xc 

bhA 

Center of Pressure:









3

2
,

2

hb
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 A pressurized tank contains oil                     and has a square, 0.6-m by 0.6-m plate bolted to 

its side, as is illustrated. When the pressure gage on the top of the tank reads 50 kPa, what is 

the magnitude and location of the resultant force on the attached plate? Given that the outside 

of the tank is at atmospheric pressure.

Example

yR= 2.313
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Atmospheric Pressure on a Vertical Wall
Gage Pressure Analysis Absolute Pressure Analysis But, 

So, in this case the resultant force is the same as the gage pressure analysis.

It is not the case if the container is closed with a vapor pressure above it.

If the plane is submerged, there are multiple possibilities. 
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A rectangular gate (2.5 m wide and 3 m high) with a hinge and a stop as shown in 
the figure below. (a) What is the resultant force on the gate and locate its center 
of pressure? (b) Find the external force required just to open the gate if it will be 
applied at depth 1.5 m from free surface.

“Front view”

2 m Water;
 = 9810 N/m3

1 m
Hinge

concrete

Gate

Stop
Fexternal=?

1.5 m

Example
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AhF cR 
25)5.2)(2( mA 

mhc 0.12/2 

A is the area of the gate in contact with water:

Depth from free surface to the centroid of the area of the gate in contact with water:

NFR 49050)5)(1)(9810( 

AL

I
LL

c

c
cp 

The location of the center of pressure is 

sin/cc hL 

interestofareatheandsurfacefreebetweenangletheis:
o90

mhhL c
o

cc 190sin/ 

Example Contd.
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433 6667.112/)2)(5.2(12/ mWHIc 
“Side view of area of the gate in contact with water”

H = 2 m

W = 2.5 m

m
AL

I
LL

c

c
cp 333.1

)5)(1(

6667.1
1 

To find the magnitude of external force, apply the moment balance around hinge:

N4577349050
5.2

333.2

5.2

333.2

0)15.1()1333.1(

0







Rexternal

externalR

hinge

FF

FF

M

Example Contd.
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Two liquids are attached to a rectangular gate of 2.8 m long and 2 m width 
(inside the paper) as shown below. Find the reaction ,R, at the stop.

Liquid 1
1 = 8000 N/m3 1.5 m

Liquid 2: 
2 = 10000 N/m3 1 m

concrete

Stop

Gate

Hinge

Liquid 1 affects on the gate by force F1 at center of pressure Lp1.
Liquid 2 affects on the gate by force F2 at center of pressure Lp2.
At the stop there is a reaction R.

Example
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Apply the moment balance around hinge:

  mLp

mWHIc

mhchcLc

LcA

Ic
LcLp

mNNF

mhcmAAhcF

LpFLpF

RLpFLpF

M

o

hinge

0.1)75)(.3(/5625.075.0

5625.012/)5.1(212/

75.090sin/

/800018000)3)(75.0)(8000(

75.0
2

5.1
;3)2)(5.1(;

????

0)8.2()3.0()3.0(

0

1

433
11

111

11

1
11

3
11

1
2

11111

2211

2211





















Example Contd.
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  mLp

mWHIc

mhchcLc

LcA

Ic
LcLp

mNNF

mhc

mAAhcF

o

042.2)2)(2(/16667.02

16667.012/)1(212/

290sin/

/1000040000)2)(2)(10000(

2
2

1
5.1

2)2)(1(;

2

433
22

222

22

2
22

3
22

2

2
22222


















Remember that hc must always be measured from the free surface. 
Thus,

Example Contd.
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N

LpFLpF
R

RLpFLpF

mLp

NF

mLp

NF

41814
8.2

)3.0042.2(40000)3.01(18000
8.2

)3.0()3.0(

0)8.2()3.0()3.0(

042.2

40000

0.1

18000

2211

2211

2

2

1

1
















Example Contd.
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Hydrostatic Force on a Curved Surface
General theory of plane surfaces does not apply to curved surfaces

Many surfaces in dams, pumps, pipes or tanks are curved

No simple formulas by integration similar to those for plane surfaces

A new method must be used

Isolated Volume
Bounded by AB an AC 

and BC

F1 and F2 is the hydrostatic force on 

each planar face

FH and FV is the component of the 

resultant force on the curved surface. 
W is the weight of the fluid volume.

Then we mark a F.B.D. 

for the volume:
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Hydrostatic Force on a Curved Surface

Now, balancing the forces for the Equilibrium condition:

Horizontal Force:

Vertical Force:

Resultant Force:

The location of the Resultant Force is through O by sum of Moments:

HH

VVc

xFxF

xFWxxF




22

11Y-axis:

X-axis:
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Example
 Determine the resultant force on the curved part of the and also determine its line of action. 

The bottom corner of the tank is a circle of radius 2.0 m. The tank length (out of page) is 8.0 m 

.
The centroid of the quarter circle wedge is
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Example Cont.

=1.19 =50o
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Buoyancy: Archimedes’ Principle

Archimedes (287-212 BC)

Archimedes’ Principle states that the buoyant force has a magnitude 

equal to the weight of the fluid displaced by the body and is directed 

vertically upward through the centroid of the displaced volume.

 Buoyant force is a force that results on a floating 

or submerged body in a fluid.

 The force results from different pressures on the 

top and bottom of the object

 The pressure forces acting from below are 

greater than those on top
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38

 The altitude of a hot air balloon is controlled by the 

temperature difference between the air inside and

outside the balloon, since warm air is less dense than 

cold air. When the balloon is neither rising nor falling,

the upward buoyant force exactly balances the 

downward weight.

Buoyancy: Archimedes’ Principle

Measuring Specific Gravity 

by a Hydrometer

Show this
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Buoyancy and Flotation: Archimedes’ Principle

Balancing the Forces of the F.B.D. in the vertical Direction:

 The net hydrostatic force of the fluid on the body is vertically upward  and is known as the 

Buoyant Force. The force is equal to the weight of the fluid it displaces.

 The Buoyancy force of a submerged body passes 

through a centroid called the center of buoyancy

 The weight force passes through the center of gravity and 

does not always pass through the buoyancy centroid.

FHydro

FHydro

FHydro = Fb

Fnet = (ρobj - ρF) Vg
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We can apply the same principles to floating objects:

 Conclude that the buoyant force passes through the centroid of the displaced volume 
as shown.

 If the specific weight varies in the fluid, the buoyant force does not pass through the 

centroid of the displaced volume, but through the center of gravity of the displaced 

volume.

Buoyancy and Flotation: Archimedes’ Principle
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• Buoyancy force FB is equal 
only to the displaced volume 
ρf gVdisplaced.

• Three scenarios possible
 body<fluid:  Floating body

 body=fluid: Neutrally buoyant

 body>fluid: Sinking body

Buoyancy and Flotation: Archimedes’ Principle
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 A spherical buoy has a diameter of 1.5 m, weighs 8.50 kN, and is anchored to the sea floor 

with a cable as is shown. Although the buoy normally floats on the surface, at certain times the 

water depth increases so that the buoy is completely immersed as illustrated. For this condition 

what is the tension of the cable?

Example
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Example

 A block of wood floating at the interface between a layer of gasoline and a layer of water as 

shown. What fraction of the wood is below the interface? 

Weight of the wood equal to the buoyant force, which is also 

equal to the two fluid displaced.

Vwoodρwood g = Vwρwg + VGρGg  

Vwood: Volume of wood

Vw and VG are the volume of water and gasoline displaced

VwoodSGwood = Vw + VGSGG

Vwood = Vw + VG VwoodSGwood = Vw + (Vwood - Vw)SGG

Vw\Vwood

= 
(SGwood – SGG )\ (1-SGG )= 0.857

wood

SG= 0.96

water

Gasoline SG= 0.72
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Stability
 The stability of a body depend on what happens when it is displaced from the equilibrium 

position

 The equilibrium is stable if the forces (as gravity) ) acting on 

the object act to return it to its equilibrium position

 The equilibrium is unstable if the forces acting on the object act 

to send it away from its equilibrium position.

 The equilibrium is neutral if there are no net forces acting on 

the object to return it or remove it from the new equilibrium 

(It has no tendency to move back to its original location, nor 

does it continue to move away)
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 Stable Equilibrium: if when displaced returns to equilibrium position.

 Unstable Equilibrium: if when displaced it returns to a new equilibrium position.

Stable Equilibrium: Unstable Equilibrium:

C > CG, “Higher” C < CG, “Lower”

Stability of Immersed Bodies

 Neutrally stable: CG coincides with C
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Buoyancy and Stability: Floating Object

 Slightly more complicated as the location of the center buoyancy can change:

 The buoyancy force and gravitational 

force act to create an overturning 

torque.

 The centroid (of the displaced volume) 

can shift as the body has an angular 

displacement. It is the movement of the 

centroid to the right that gives this 

body its stability.

A rotational disturbance of the body in 

such cases produces a restoring 

moment to return the body to its 

original stable position



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

47

Stability of Floating Bodies
 Consider a floating body given a small angular deflection.

The magnitude of the buoyancy force will stay 

the same, (weight force does not change) but 

the location of the centre of buoyancy changes.

O = Water line point about which boat rolls.

B1 = original buoyancy point.

B2 = buoyancy point after displacement.

The line of action of the original buoyancy force (through the center 

of gravity) and new buoyancy force intersect at the metacenter.

Metacenter M:  is the point of intersection between the original line of 

action and new line of action of the buoyancy force

G The center of gravity

d(GM) The metacentric height, the displacement of M from G.

dθ: The angular displacement should be small, e.g. less than 20o
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Below the 

Stability of Floating Bodies
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Stability of Floating Bodies

1. One determines position of center of gravity

2. Determine water level

3. One determines center of buoyancy of displaced volume

4. Then d(BG) is known.

5. Finally, d(BM) is evaluated with

To improve stability

Add ballast (near the bottom). This also 

tends to raise B and raises the position of M.
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Because the metacentric height is negative, the block is not stable about the longitudinal 

axis.

30 cm

Example

 The position of center of gravity (30, 15)

 Water level

0.0

0 = 9.81*0.3*0.6*d - 318

d = 0.18 m = 18 cm

 Center of buoyancy of displaced volume (30, 9)

= 1/12 *60*(30)3 / (18*60*30) - (15-9)  = 4.167 – 6 = -1.833 cm

B

G
M

 A wood block of 60 cm long and 30 cm square in 

cross section, will the block be stable if its weight 

is 318 N

60 cm

d

30 cm
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Stresses in Circular Pipes and Tanks.

 If pressure variation is neglected and if the thickness of the pipe or tank is small compared to 

the diameter.

 A section of pipe of length L, an internal diameter d, 

contains a fluid whose pressure is p; the 

circumferential tension stress in the walls is st .
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 The stress caused by a given pressure may be reduced by decreasing the diameter d, or 

increasing the wall thickness

 Since increasing the wall thickness increases the cost, it becomes evident why small-bore 

tubing is in general use in high-pressure work.

Stresses in Circular Pipes and Tanks.
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• There are special cases where a body of fluid can undergo rigid-body motion:  linear 
acceleration, and rotation of a cylindrical container.

• In these cases there is no deformation, and thus there can be no shear stress,
• Newton's 2nd law of motion can be used to derive an equation of motion for a fluid 

that acts as a rigid body 

Rigid-Body Motion

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

54

Review
 Taking the pressure at the center of the element to be P

 Then the total force acting on the element becomes
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Pressure Variation, Rigid Body Motion: Linear Motion
Governing Equation with no Shear (Rigid Body Motion):

The equation in all three directions are the following:

P gk a    
 

 Consider a container partially filled with a liquid. The container is moving on a straight path 

with a constant acceleration

 The projection of the path of motion on the horizontal plane to be the y-axis, and the 
projection on the vertical plane to be the z-axis
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 The vertical rise (or drop) of the free surface at point 2 

relative to point 1 can be determined by choosing both 1 and 

2 on the free surface p1= p2

Pressure Variation, Rigid Body Motion: Linear Motion

Substituting the partials

Estimating the pressure between two closely spaced points apart 

some dy, dz the total differential of P:
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Pressure Variation, Rigid Body Motion: Linear Motion

Now consider the case where ay = 0, and az ≠ 0:

0


x

p
Recall, already:  zag

z

p

y

p







 ,0Then,

So,
Non-Hydrostatic

 Pressure will vary linearly with depth, but variation is the combination of gravity and 

externally developed acceleration.

 A tank of water moving upward in an elevator will have slightly greater pressure at the 

bottom.

 If a liquid is in free-fall az = -g, and all pressure gradients are zero—surface tension is all that 

keeps the blob together.

Along a line of constant pressure, dp = 0:

Inclined free surface for ay≠ 0
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Pressure Variation, Rigid Body Motion: freely falling body

 A freely falling body accelerates under the influence of gravity. 

 When the air resistance is negligible, the acceleration of the body equals the gravitational 

acceleration, and acceleration in any horizontal direction is zero.

Upward acceleration of 

a liquid with az = +g
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Container is rotating about the z-axis with angular 
velocity ω

Total differential of P

Along a line of constant pressure, dp = 0:

Equation of the free surface

2

2

, 0

, 0,

r za r a a

P P P
r g

r z



  


   

  
   

  

2dP r dr gdz   

2 2
2

12
isobar

isobar

dz r
z r C

dr g g

 
   

 
2

2 2
0 2

4sz h R r
g


  

Pressure Variation, Rigid Body Motion: Rotation

The surfaces of constant pressure are 

parabolic

Show this please
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Pressure Variation, Rigid Body Motion: Rotation

Now, integrate to obtain the Pressure Variation:

Pressure varies hydrostaticly in the vertical, 

and increases radialy.

 The maximum height difference between 

the edge and the center of the free surface 

the difference at 


