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CHAPTER ONE  

PROPERTIES OF FLUID 

1.1 Introduction 

Fluid mechanics is that branch of science which deals with the behavior of the 

fluids at rest as well as in motion. It deals with the statics, kinematics, and dynamics 

of fluids. The study of fluids at rest is called statics. The study of fluids in motion, 

where the pressure forces are not considered is called fluid kinematics, and if the 

pressure forces are also considered for fluid in motion that branch of science is called 

dynamics. The main problems encountered in the fields of water supply, irrigation, 

navigation, and water power, resulted in the development of fluid mechanics. The 

available methods of analysis stem from the application of the following principles, 

concepts, and laws:- 

• Newton's law of motion. 

• The first and second laws of thermodynamics. 

• The principle of conservation of mass. 

• Newton's law of viscosity.  

In the development of the principles of fluid mechanics, some fluid properties 

play principal roles. In fluid statics, a specific weight (or unit weight) is an important 

property, whereas, in fluid flow, density and viscosity are predominant properties. 

 

1.2 Definition of a Fluid  

A fluid may be defined as a substance that is capable of flowing. It has no 

definite shape of its own but conforms to the shape of the containing vessel. Fluids 

can be classified as liquids or gasses. A 'liquid' is a fluid, which possesses a definite 

volume, which varies only slightly with temperature and pressure. Since under 

ordinary conditions liquids are difficult to compress, they may be for all practical 

purposes regarded as incompressible. A 'gas' is a fluid, which is compressible and 

possesses no definite volume but it always expands until its volume is equal to that 
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of the container. Even a slight change in the temperature of a gas has a significant 

effect on its volume and pressure. The fluids are also classified as ideal fluids and 

real fluids. 'Ideal fluids' are those fluids that have no viscosity and surface tension 

and they are incompressible. However, in nature, the ideal fluids do not exist and 

therefore, these are only imaginary fluids. 'Real fluids' 2 are those fluids that are 

actually available in nature. These fluids possess the properties such as viscosity, 

surface tension, and compressibility. 

 

1.3 Civil Engineering Fluid Mechanics  

Why are we studying fluid mechanics on a Civil Engineering course? The 

provision of adequate water services such as the supply of potable water, drainage, 

sewerage is essential for the development of industrial society. It is these services 

that civil engineers provide. Fluid mechanics is involved in nearly all areas of Civil 

Engineering either directly or indirectly. Some examples of direct involvement are 

those where we are concerned with manipulating the fluid: 

• Sea and river (flood) defenses; 

• Water distribution/sewerage (sanitation) networks;  

• Hydraulic design of water/sewage treatment works;  

• Dams; o Irrigation;  

• Pumps and Turbines; 

• Water retaining structures.  

And some examples where the primary objective is construction - yet analysis 

of the fluid mechanics is essential: 

•  The flow of air in/around buildings; 

•  Bridge piers in rivers; 

•  Ground-water flow. 

 

1.4 The SI System of units 

The SI system consists of six primary units, from which all quantities may be 

described. For convenience secondary units are used in general practice which is 

made from combinations of these primary units. 
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International System of Units (SI): 

Quantity SI Unit 

Mass kg 

Force N 

Pressure N/m2 (Pa) 

Mass density kg/m3 

Weight density (Specific weight) N/m3 

Work J 

Power Watt 

Dynamic viscosity N.s/m2 

Kinematic viscosity m2 /s 

 

 Derived Units: 

There are many derived units all obtained from the combination of the above 

primary units. Those most used are shown in the table below: 

Quantity SI Unit  Dimension 

velocity m/s ms-1 LT-1 

acceleration m/s2 ms-2 LT-2 

force 
N 

kg m/s2 

 

kg ms-2 
M LT-2 

energy (or work) 
Joule J N m, 

kg m2 /s2 

 

kg m2 s-2 
ML2T -2 

power 

Watt W 

N m/s 

kg m2 /s3 

Nms-1 

kg m2 s-3 
ML2T -3 
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pressure (or stress) 

Pascal P, 

N/m2 , 

kg/m/s2 

Nm-2 

kg m-1 s-2 
ML-1T -2 

density kg/m3 kg m-3 ML-3 

specific weight 
N/m3 

kg/m2 /s2 
kg m-2 s-2 ML-2T -2 

relative density Ratio (No units)  
1 

(No dimension) 

viscosity 
N s/m2 

kg/m s 

N sm-2 

kg m-1 s-1 
M L-1T -1 

Surface tension 
N/m 

kg /s2 

Nm-1 

kg s-2 
MT-2 
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Properties of Fluids 

The properties outlined below are general properties of fluids that are of interest in 

engineering. The symbol usually used to represent the property is specified together 

with some typical values in SI units for common fluids. Values under specific 

conditions (temperature, pressure, etc.) can be readily found in many reference 

books. The dimensions of each unit are also given in the MLT system (see later in 

the section on dimensional analysis for more details about dimensions). 

 

1. Density 

The density of a substance is the quantity of matter contained in a unit volume 

of the substance. It can be expressed in three different ways. 

1.1 Mass density 

Mass Density (ρ): Mass density of a fluid is the mass which it possesses per unit 

volume. 

 

 

 

Units: Kilograms per cubic meter, kg/m3 or (kg m-3) 

Dimensions: ML-3 

Typical values: 

Water =1000 kg/m3 or 1g/cm3 at 4°C 

Mercury = 13546 kg/m3       Air = 1.23kg/m3 ,       Paraffin Oil = 800kg/m3 . 

 

ρ =
𝑚𝑎𝑠𝑠

𝑣𝑜𝑙𝑢𝑚𝑒
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1.2 Specific Weight 

Specific Weight (sometimes known as specific gravity) is defined as the weight 

per unit volume. 

Or 

The force exerted by gravity, g, upon a unit volume of the substance. 

 

 

Or 

𝜔 =  ρg 

 

Units: Newton's per cubic meter, N/m3 (or Nm-3) 

Dimensions: ML-2T-2 

Typical values: Water =9814 N/m3, Mercury = 132943 N/m3 , Air =12.07 N/m3 , 

Paraffin Oil =7851 N/m3 

Note that: The specific volume (VS) of a fluid is the volume of the fluid per unit 

(mass). 

 

 

 

1.3 Specific Gravity (S or G):  

Specific Gravity is the ratio of specific weight (or mass density) of fluid to the 

specific weight (or mass density) of a standard fluid. For liquids, the standard fluid 

chosen for comparison is pure water at 4° C. For gases, the standard fluid chosen is 

either hydrogen or air at some specified temperature and pressure 

 

𝜔 =
𝑤𝑒𝑖𝑔ℎ𝑡

𝑣𝑜𝑙𝑚𝑒
 

𝑉𝑆 =
1

ρ
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𝑆 =
Weight of Substance

Weight of The Equal Volume of Water
 

 

𝑆 =
Specific Weight of The Substance

Specific Weight of Water
 

 

𝑆 =
Mass Density of Substace

Mass Density of Water
     Also called relative density 

Note 

❖ Specific gravity of water at 4° C is equal to 1 

❖ Specific gravity of mercury » 13.6 

 

Example 1.1 

If 6 m3 of oil weighs 47 kN, calculate its specific weight, mass density, and specific 

gravity. 

Solution:  

Specific weight = ω = 
weight 

𝑣𝑜𝑙
 =  

47 

6
 = 7.833 kN/m3 

Mass density = ρ =  
ω

𝑔
 =

7833

9.81
 = 798kg/m3 

Specific gravity S =
Specific weight of oil

Specific weight of water
  

= 7.833/9.81 

= 0.8 
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2. Viscosity 

Viscosity, ( ), is the property of a fluid, due to cohesion and interaction between 

molecules, which offers resistance to shear deformation. Different fluids deform at 

different rates under the same shear stress. Fluid with high viscosity such as syrup 

deforms more slowly than a fluid with low viscosity such as water. 

All fluids are viscous, "Newtonian Fluids" obey the linear relationship 

 

                         (Newton Law of Viscosity) 

 

Where: 

𝜏 =shear stress 

Units:  Nm-2; kg m-1s-2 

Dimensions ML-1T-2 

 
𝑑𝑣

𝑑𝑦
   is the velocity gradient or rate of shear strain 

Units: s-1 

 Dimension = T-1 

µ = The "coefficient of dynamic viscosity" 

 

The Coefficient of Dynamic Viscosity µ is defined as the shear force, per unit area, 

(or shear stress 𝜏 ), required to drag one layer of fluid with unit velocity past another 

layer a unit distance away. 

µ =
τ

dv
dy⁄

=
Force

Area⁄

Velocity
Distance⁄

=
Force×Time

Area
 =

Mass

Length×Area
 

 

𝜏 = µ .
𝑑𝑣

𝑑𝑦
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Units: Nsm-2or kgm-1s-1 

Typical values: 

Water =1.14 × 10−3kgm-1s-1, 

Air =1.78× 10−5kgm-1s-1, 

Mercury =1.552 kgm-1s-1, 

oil=1.9 kgm-1s-1 

 

The coefficient of Kinematic Viscosity υ is defined as the ratio of dynamic 

viscosity to mass density 

υ =
absolute viscosity(µ)

𝑚𝑎𝑠𝑠 𝑑𝑒𝑛s𝑖𝑡𝑦(ρ)
=

µ

 ρ
=

µ
𝜔

𝑔⁄
 

 

  

 

Units:  m2s-1 

Dimensions: L2T-1 

Typical values: 

Water =1.14× 10−6m2s-1,  

Air =1.46× 10−5 m2s-1,  

Mercury =1.145× 10−4 m2s-1 

Oil =2.375× 10−3 m2s-1 

 

 

 

υ =
µ𝑔

𝜔
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Example 1.2  

At a certain point in castor oil, the shear stress is 0.216 N/m2 and the velocity gradient 

is 0.216 s-1. If the mass density of castor oil is 959.42 kg/m3, find the kinematic 

viscosity. 

Solution:  

𝜏 = µ .
𝑑𝑣

𝑑𝑦
 

0.216 = µ (0.216) 

µ = 1N.s/m2 

υ =
µ

 ρ
 

=1 /959.42  

= 1.04 x 10-3 m2 /s 

 

3. Surface Tension (σ)   

The surface tension of a liquid is the work that must be done to bring enough 

molecules from inside the liquid to the surface to form one new unit area of that 

surface.  

σ = 0.073 N/m for air-water interface  

σ = 0.48 N/m for air-mercury interface 

 

4. Capillarity 

The rise or fall of liquid in a capillary tube is caused by surface tension and 

depends on the relative magnitude of the cohesion of the liquid and the adhesion of 

the liquid to the walls of the containing vessel. 
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Liquids, such as water, which wet a surface cause capillary rise. In nonwetting 

liquids (e.g., mercury) capillary depression is caused. 

 

 

 

Where: 

h = height of capillary rise (or depression) 

𝜃 = wetting angle 

R = radius of the tube 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Capillarity in circular glass tubes 

 

h =
2σ cos 𝜃

𝜔𝑅
 

Capillary Depression 

 

Capillary Rise 
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Example 1.3 

 A clean tube of internal diameter 3 mm is immersed in a liquid with a coefficient of 

surface tension of 0.48 N/m. The angle of contact of the liquid with the glass can be 

assumed to be 130°. The density of the liquid is 13600 kg/m3. What would be the 

level of the liquid in the tube relative to the free surface of the liquid outside the 

tube? 

Solution:  

𝜔 = ρg = 13600 × 9.81 = 133416 N/m3 

h =
2σ cos 𝜃

𝜔𝑅
 

h =
2×0.48 ×cos 130

(133416)(1.5×10−3)
 

= - 3.08 x 10 -3m 

There is a capillary depression of 3.08 mm 

5. Bulk Modulus of Elasticity 

The bulk modulus of elasticity expresses the compressibility of a fluid. It is the 

ratio of the change in unit pressure to the corresponding volume change per unit of 

volume. 

 

The units of E are Pa (or) lb/in2 

 

Example 1.4  

At a great depth in the ocean, the pressure is 80 MPa. Assume that specific weight 

at the surface is 10 KN/m3 and the average bulk modulus of elasticity is 2.34 GPa. 

Find the change in a specific volume at that depth. 

𝐸 =
𝑑𝑝

−(𝑑𝑣
𝑉⁄ )
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Solution:  

Vs=
1

ρ
=

𝑔

𝜔
 

=
9.81

10 × 103
 

= 9.81 × 10−4m3/kg 

𝐸 =
𝑑𝑝

−(𝑑𝑣
𝑉⁄ )

 

2.43 × 109 =
(80 × 106) − 0

−
𝑑𝑣𝑠

9.81 × 10−4⁄
 

 

d𝑣𝑠 = -0.335 x10-4 m3/kg 

 



CHAPTER 2 

FLUID PRESSURE AND ITS MEASUREMENT 

 

2.1 Fluid Pressure at a Point 

      Pressure or 'intensity of pressure' may be defined as the force exerted on a unit 

area. If F represents the total force uniformly distributed over an area, the pressure 

at any point p=F/A. However, if the force is not uniformly distributed, the expression 

will give the average value only. When the pressure varies from point to point on an 

area, the magnitude of pressure at any point can be obtained by the following 

expression 

p = dF / dA 

where dF represents the force acting on an infinitesimal area dA. The forces so 

exerted always acts in the direction normal to the surface in contact. The normal 

force exerted by a fluid per unit area of the surface is called the fluid pressure. 

Units: Newton's per square meter, Nm-2, kg m-1s-2 

 (The same unit is also known as a Pascal, Pa, i.e., 1Pa = 1N m-2) 

Dimensions: ML-1T-2 

 

2.2 Pressure the Same in All Directions - Pascal's Law 

Considering the prismatic element again, PS is the pressure on a plane at any angle, 

the x, y and z directions could be any orientation. The element is so small that it can 

be considered a point so the derived expression. PS=PX=PY 



indicates that pressure at any point is the same in all directions. (The proof may be 

extended to include the z axis). 

 

2.3 Variation of Pressure in a Fluid 

The pressure intensity p at any point in a static mass of fluid does not vary in x and 

y directions and it varies only in z direction. 

𝑑𝑃

𝑑𝑧
= −𝜔 

The above equation is the basic differential equation representing the variation of 

pressure in a fluid at rest, which holds for both compressible and incompressible 

fluids. It indicates that within a body of fluid at rest the pressure increases in the 

downward direction at the rate equivalent to the specific weight w of the liquid. A 

liquid may be considered as incompressible fluid for which w is constant and hence 

integration of above equation gives 

𝑃 = −𝜔𝑧 

in which p is the pressure at any point at an elevation z in the static mass of liquid 

and C is the constant of integration. Liquids have a free surface at which the pressure 

of atmosphere acts. Thus, as shown in Fig. below for a point lying in the free surface 

of the liquid z = (H+zo) 

and if pa is the atmospheric pressure at the liquid surface, then from above equation 

the constant of integration C= [pa+ 𝜔 (H+zo)].  

Substituting this value of C in equation, it becomes  

p = - 𝜔z + [pa+ 𝜔 (H+zo)]  



Now if a point is lying in the liquid mass at a vertical depth h below the free surface 

of the liquid, then as shown in Fig 2.1. below for this point z = (H + zo- h) and from 

above equation 

 p = pa + 𝜔 h 

 

It is evident from the above equation the pressure at any point in a static mass of 

liquid depends only upon the vertical depth of the point below the free surface and 

the specific weight of the liquid, and it does not depend the shape and size of the 

bounding containers. Since the atmospheric pressure at a place is constant, at any 

point in a static mass of liquid, often only the pressure in excess of the atmospheric 

pressure is considered, in which case the above equation becomes 

p =  𝜔 h 

The vertical height of the free surface above any point in a liquid at rest is known as 

pressure head. 

ℎ =
𝑝

𝜔
 

If ℎ1and ℎ2 are the heights of the columns of liquids of specific weights 𝜔1 and 𝜔2 

required to develop the same pressure p, at any point 



𝑝 = 𝜔1ℎ1 = 𝜔2ℎ2 

If 𝑆1and 𝑆2 are the specific gravities of the two liquids and 𝜔 is the specific weight 

of water then since 𝜔1 = 𝑠1𝜔 and 𝜔2 = 𝑠2𝜔 , equation may also be written as 

𝑆1ℎ1 = 𝑆2ℎ2 

Example 2.1 Convert a pressure head of 100 m of water to (a) Kerosene of specific 

gravity 0.81 (b) Carbon tetrachloride of specific gravity 1.6. 

𝑆1ℎ1 = 𝑆2ℎ2 

(a) 100 x 1 = 0.81 x h2                                       h2 = 123.4 m of kerosene 

 (b) 100 x 1 = 1.6 x h2                                        h2 = 62.5 m of carbon tetra chloride 

 

2.4 Equality Of Pressure At The Same Level In A Static Fluid 

 

Pressure in the horizontal direction is constant. 

This result is the same for any continuous fluid. It is still true for two connected tanks which appear not to 

have any direct connection, for example consider the tank in the fig. 2.3 below. 



 

We have shown above that𝑃𝑙 = 𝑃𝑟 and from the equation for a vertical pressure change we have 

𝑃𝑙 = 𝑃𝑝 + 𝜌𝑔𝑧 

and 

𝑃𝑟 = 𝑃𝑞 + 𝜌𝑔𝑧 

So 

𝑃𝑝 + 𝜌𝑔𝑧 = 𝑃𝑞 + 𝜌𝑔𝑧 

𝑃𝑝 = 𝑃𝑞 

This shows that the pressures at the two equal levels, P and Q are the same 

2.5 Variation Of Pressure Vertically In A Fluid Under Gravity 

 

  

In the above fig. 2.4 we can see an element of fluid which is a vertical column of constant cross-

sectional area, A, surrounded by the same fluid of mass density ρ. The pressure at the bottom of 

the cylinder is P1 at level z1, and at the top is P2 at level z2. The fluid is at rest and in equilibrium 

so all the forces in the vertical direction sum to zero. i.e., we have 



Force due to P1 on A (upward) =P1A 

Force due to P2 on A (down ward) = P2A 

Force due to weight of element (down ward) =mg 

                                                                                   = 𝑚𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑣𝑜𝑙𝑢𝑚𝑒 =  ρgA(𝑧2 − 𝑧1) 

Taking upward as positive, in equilibrium we have 

𝑃1𝐴 − 𝑃2𝐴 − 𝜌𝑔𝐴(𝑧2 − 𝑧1) = 0 

                                         𝑃1 − 𝑃2 = 𝜌𝑔𝐴(𝑧2 − 𝑧1) 

Thus, in a fluid under gravity, pressure decreases with increase in height 𝑧 = (𝑧2 − 𝑧1) 

2.6   Atmospheric, Absolute, Gage and Vacuum Pressure 

      The atmospheric air exerts a normal pressure upon all surfaces with which it is in contact, 

and it is known as atmospheric pressure. The atmospheric pressure varies with the altitude and it 

can be measured by means of a barometer. As such it is also called the barometric pressure. At 

sea level under normal conditions the equivalent values of the atmospheric pressure are 1.03 

kg/cm2 ; 101.3 kPa or 10.3 m of water; or 76 cm of mercury. Fluid pressure may be measured 

with respect to any arbitrary datum. The two most common datum used are (i) absolute zero 

pressure and (ii) local atmospheric pressure. When pressure is measured above zero (or complete 

vacuum), it is called an absolute pressure. When it is measured either above or below 

atmospheric pressure as datum, it is called gage pressure. If the pressure of a fluid is below 

atmospheric it is designated as vacuum pressure; and its gage value is the amount by which it is 

below that of the atmospheric pressure. A gage which measures vacuum pressure is known as 

vacuum gage. Fig.2.5 illustrates the relation between absolute, gage and vacuum pressures. 



 

Absolute Pressure = Atmospheric Pressure + Gage Pressure  

Absolute Pressure = Atmospheric Pressure − Vacuum Pressure 

 

2.7    Measurement of Pressure 

         The various devices adopted for measuring fluid pressure may be broadly classified under 

the following two heads: 

 (1) Manometers 

 (2) Mechanical Gages  

Manometers are those pressure measuring devices which are based on the principle of balancing 

the columns of liquid whose pressure is to be found by the same or another column of liquid. The 

manometers are classified as simple manometers and differential manometers 

Simple manometers are those which measure pressure at a point in a fluid contained in a pipe or 

vessel. On the other hand, differential manometers measure the difference of pressure between 

any two points in a fluid contained in a pipe or a vessel. 



Simple Manometers 

      In general, a simple manometer consists of a glass tube having one of its ends connected to 

the gage point where the pressure is to be measured and the other remains open to atmosphere. 

Some of the common types of simple manometers are: (i) Piezometer (ii) U tube manometer and 

(iii) single column manometers. 

(i) Piezometer    

A piezometer is the simplest form of manometer which can be used for measuring moderate 

pressures of liquids. It consists of a glass tube inserted in the wall of a pipe or a vessel, 

containing a liquid whose pressure is to be measured. Piezometers measure gage pressure only 

since the surface of the liquid in the tube is subjected to atmospheric pressure. The pressure at 

any point in the liquid is indicated by the height of the liquid in the tube above that point, which 

can be read on the scale attached to it. Thus, if w is the specific weight of the liquid, then the 

pressure at any point A in Fig 2.6.(a) is 

PA = ρghA =  𝜔hA 

 

 

Negative gage pressures can be measured by means of the piezometer shown in Fig.2.6 (b). It is 

evident that if the pressure in the container is less than the atmospheric no column 

of liquid will rise in the ordinary piezometer. Neglecting the weight of the air caught in the portion 

of the tube, the pressure on the free surface in the container is the same as that at free surface in 



the tube which may be expressed as p = - 𝜔 h, where is the specific weight of the liquid used in 

the vessel. 

ii) U- tube Manometer 

Piezometers cannot be used when large pressures in the lighter liquids are to be measured, since 

this would require very long tubes, which cannot be handled conveniently. Furthermore, gas 

pressures cannot be measured by means of piezometers because a gas forms no free atmospheric 

surface. U tube manometer consists of a glass tube bent in U-shape, one end of which is connected 

to the gage point and the other end remains open to the atmosphere. The tube contains a liquid of 

specific gravity greater than that of the fluid of which the pressure is to be measured. For the 

measurement shown in Fig 2.7. (a) the gage equation may be written as indicated below. 

 

 

At D, there being atmospheric pressure, the pressure head =0, in terms of gage pressure. 



PA

S1ρg
− z − y ×

S2

S1
= 0 

PA

S1ρg
=  z + y ×

S2

S1
 

PA

ρg
=  zS1 + yS2 

 

Fig.2.7(b) shows another arrangement for measuring pressure at A by means of a U-tube 

manometer. By following the same procedure as indicated above the gage equation for this 

arrangement can also be written, 

PA

S1𝜔
=  ℎ1 ×

S2

S1
− ℎ2 

PA

𝜔
=  ℎ1S2 − ℎ2S1 

A U tube manometer can also be used to measure negative or vacuum pressure. For measurement 

of small negative pressure, a U tube manometer without any manometric liquid may be used, 

which is as shown in Fig.2.8(a). 



 

PA

S1𝜌𝑔
+  h = 0 

PA

𝑆𝜌𝑔
=  −h (m of liquid at A) 

𝑃𝐴 = −𝑆1ℎ (m of water) 

                  For measuring greater negative pressures, a manometric liquid of greater specific 

gravity is employed, for which the arrangement shown in Fig.2.8(b) may be employed. 

 

 

PA

S1ω
= −z − y ×

S2

S1
 (In terms of liquid at A) 

PA

ω
= −zS1 − yS2(In terms of water) 

 



Differential Manometers  

     For measuring the difference of pressure between any two points in a pipe line or in two pipes or 

containers, a differential manometer is employed. In general, a differential manometer consists of a bent 

glass tube, the two ends of which are connected to each of the two gage points between which the 

pressure difference is required. Some of the common types of differential manometers are: 

i. Two-Piezometer Manometer  

ii.  Inverted U Tube Manometer 

iii.   U Tube Differential Manometer 

iv.   Micromanometer 

(i) Two Piezometer Manometer 

                     The difference in the levels of the liquid raised in the two tubes will denote the pressure 

difference between the two points. Evidently this method is useful only if the pressure at each of the two 

points is small. Moreover, it cannot be used to measure the pressure difference in gases, for which the 

other types of differential manometers described below may be employed. 

 

𝑃1 − 𝑃2

𝑆1𝜌𝑔
= ℎ (𝑚 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑) 

𝑃1−𝑃2

𝜌𝑔
= 𝑆1ℎ   (m of water) 

(ii) U -tube Differential Manometer 

         It consists of glass tube bent in U-shape, the two ends of which are connected to the two 

gage points between which the pressure difference is required to be measured. Fig.2.10                              

shows such an arrangement for measuring the pressure difference between any two points A and 

B. The lower part of the manometer contains a manometric liquid which is heavier than the liquid 

for which the pressure difference is to be measured and is immiscible with it. 



 

𝑃𝐴

𝑆1𝜌𝑔
+ 𝑦 + ℎ − ℎ

𝑆1

𝑆2
− 𝑦 =

𝑃𝐵

𝑆1𝜌𝑔
 

𝑃𝐴 − 𝑃𝐵

𝑆1𝜌𝑔
=  ℎ

𝑆1

𝑆2
− ℎ = ℎ(

𝑆1

𝑆2
− 1) 

𝑃𝐴−𝑃𝐵

𝜌𝑔
= h (S2 -S1) 

(iii) Inverted U -tube Manometer 

It consists of a glass tube bent in U-shape and held inverted as shown in Fig.2.8. When the two 

ends of the manometer are connected to the points between which the pressure difference is 

required to be measured, the liquid under pressure will enter the two limbs of the manometer, 

thereby causing the air within the manometer to get compressed. The presence of the compressed 

air results in restricting the heights of the columns of liquids raised in the two limbs of the 

manometer. An air cook as shown in Fig.2.11, is usually provided at the top of the inverted U tube 

which facilities the raising of the liquid columns to suitable level in both the limbs by driving out 

a portion of the compressed air. Inverted U tube manometers are suitable for the measurement of 

small pressure difference in liquids. 

 



Since the specific weight of air is negligible as compared with that of liquid, between C' and D may be neglected. 

𝑃𝐴

𝑆1𝜌𝑔
− 𝑦 + (𝑦 − ℎ) =

𝑃𝐵

𝑆1𝜌𝑔
 

𝑃𝐴 − 𝑃𝐵

𝑆1𝜌𝑔
= ℎ 

𝑃𝐴 − 𝑃𝐵

𝜌𝑔
= ℎ𝑆1 

Example 2.2 The left leg of a U-tube mercury manometer is connected to a pipe line conveying 

water, the level of mercury in the leg being 60 cm below the center of pipe line and the right leg 

is open to atmosphere. The level of mercury in the right leg is 45 cm above that in the left leg and 

the space above mercury in the right leg contains Benzene (specific gravity 0.88) to a height of 30 

cm. Find the pressure in the pipe. 

 

 
𝑃𝐴

𝜔
 + 0.6 = 0.45 x 13.6 + 0.3 x 0.88 

 
𝑃𝐴

𝜔
  = 5.784 m of water  

𝑃𝐴 =
5.784×1000

104   = 0.578 kg/cm2 

 

 

 



Example 2.3 A U tube manometer is used to measure the pressure of oil (sp.gr 0.8) flowing in a 

pipeline. Its right limb is open to the atmosphere and the left limb is connected to the pipe. The 

center of the pipe is 9 cm below the level of mercury (sp.gr 13.6) in the right limb. If the 

difference of mercury level in the two limbs is 15 cm, determine the absolute pressure of the oil 

in the pipe in KPa 

 

 

𝑃

𝑆1𝜌𝑔
 + 0.06 - 0.15 x S1/S2 =0  

𝑃

𝑆1𝜌𝑔
 = 2.49 m of oil 

P = 2.49 x 0.8 x1000 x 9.81 

 = 19.541 KPa (Gage Pressure) 

Absolute Pressure = 19.541 + 101.3 = 120.841 KPa 

 

 

 

 

 



Example 2.4 For a gage pressure at A of -0.15 kg/cm2 , determine the specific gravity of the 

gage liquid B in the figure given below. 

 

Pressure at C = Pressure at D  

-(0.15) x 104 + (1000 x 1.6 x 0.5) = PD 

 PD = -0.7 x 103 kg/m2 

Between point D and E, since there is an air column which can be neglected.  

PD = PE  

PF = PG  

PG= 0 =PF (point G being at atmospheric pressure)  

Thus PF = PE + S x 1000 (10.25-9.60) = 0 

 S = 1.077 

 

 

 

 

 



Example 2.5 As shown in the accompanying figure, pipe M contains carbon-tetra chloride of 

specific gravity 1.594 under a pressure of 1.05 kg/cm2 and pipe N contains oil of specific gravity 

0.8. If the pressure in the pipe N is 1.75 kg/cm2 and the manometric fluid is mercury, find the 

difference x between the levels of mercury. 

 

Equate the pressure heads at Z an Z' as shown in above figure Pressure head at Z in terms of 

water 

= [
1.05×104

1000
+ (1.5 + 2.5)1.594 + x(13.6)]   

Similarly, pressure head at Z' in terms of water 

= [
1.75×104

1000
+ (1.5)0.8 + x(0.8)]   

Equating the above two 

 10.5 + 6.376 + 13.6 x = 17.5 + 1.2 + 0.8x  

                                 x = 0.142 m =14.2 cm 

 

 

 

 

 



Example 2.6 The tank in figure is closed at top and contains air at a pressure𝑃𝐴. Calculate the value of 𝑃𝐴 

for the manometer readings shown. 

 

 

𝑃𝐴.  + 1.5 x 0.75 x 9810 + 0.5 x 9810 + 0.1 x 9810 - 0.1 x 13.6 x 9810 = 0 

 𝑃𝐴. = -3580.65 Pa 

 

Example 2.7 Petrol of specific gravity 0.8 flows upwards through a vertical pipe. A and B are two points 

in the pipe, B being 30 cm higher than A. Connections are led from A and B to a U-tube containing 

mercury. If the difference of pressure between A and B is 0.18 kg(f)/cm2 , find the reading shown by the 

differential mercury gage. 

 

𝑃𝐴

𝜔
+ (𝑦 + 𝑥)0.8 =  

𝑃𝐵

𝜔
+ (0.3 + 𝑦)0.8 + (13.6𝑥)  

𝑃𝐴−𝑃𝐵
𝜔

 = 12.6𝑥 + 0.24                                                 x =  0.122 m                              



       



Hydrostatic forces on plane surfaces 
 

1. Hydrostatic forces on a horizontal plane: 
 

 

• Since every point at the surface is at the same depth below the free 

surface of the liquid; then the pressure is constant over the entire area 

of surface  

 

 

• Since the pressure is uniformly distributed over the area then center of 

pressure and the centroid of area coincide with each other. 

 

𝑃 = Ɣ ℎ 

𝐹 = 𝑃. 𝐴 

𝐹 =  Ɣ ℎ 𝐴                                       

UNIT: N/m3 

 



2. Hydrostatic forces on a vertical plane surface: 

 

• Since the depth of liquid varies from point to point on surface, the 

pressure is not constant over the entire area  

 

• Since the thickness of strip is very small for this stirp , the pressure 

may be assumed  constant 

𝑃 = Ɣ 𝑥 

Area of strip =𝑑𝐴 = 𝑏 . 𝑑𝑥 

𝑑𝐹 = 𝑃𝑑𝐴 = Ɣ 𝑥 𝑏 𝑑𝑥 

𝐹 = ∫ 𝑑𝐹 = ∫ Ɣ 𝑥 𝑏 𝑑𝑥    =  Ɣ ∫  𝑥 𝑏 𝑑𝑥 = Ɣ 𝐴 �̅� 

 

 



 

𝐹 = Ɣ ∫ 𝑥 𝑏 𝑑𝑥                                    ………. (3.1) 

                                                            

❖ Center of pressure of vertical surface 

𝑀𝑜𝑜 = 𝐹 ℎ̅ 

𝑑𝐹 = Ɣ 𝑥 𝑏 𝑑𝑥      →    𝑑𝐹 𝑥 = Ɣ 𝑥2 𝑏 𝑑𝑥           

∫ 𝑑𝐹 𝑥 = ∫ Ɣ 𝑥2 𝑏 𝑑𝑥    = Ɣ ∫  𝑥2 𝑏 𝑑𝑥 

∫  𝑥2 𝑏 𝑑𝑥 represents the sum of the second moment of the areas of strips about 

axis OO, which is equal to moment of inertia Io of the plane surface about axis OO 

𝐼𝑂 = ∫  𝑥2 𝑏 𝑑𝑥 

𝐹 ℎ̅ = Ɣ 𝐼𝑂         →   ℎ̅ =
Ɣ 𝐼𝑂

𝐹
 

From the 'Parallel axes theorem' for the moment of inertia 

𝐼𝑂  =𝐼𝑐 + 𝐴�̅� 

                                                                  

                                           ……….. (3.2) 

 

 

 𝐹 = Ɣ 𝐴 �̅� 

ℎ̅ = �̅� +
𝐼𝑐

𝐴�̅�
 

 



3. Hydrostatic forces on inclined plane surface: 

 

 

sin 𝜃 =
ℎ

𝑦
        𝑜𝑟            ℎ = 𝑦 sin 𝜃 

sin 𝜃 =
ℎ𝑐

𝑦𝑐
        𝑜𝑟        ℎ𝑐 = 𝑦𝑐 sin 𝜃 

𝑑𝐹 = 𝑃 𝑑𝐴            𝑑𝐹 = Ɣ ℎ 𝑑𝐴       = Ɣ 𝑦 sin 𝜃  𝑑𝐴 

𝐹 = ∫ 𝑑𝐹 = ∫ Ɣ . 𝑦 sin 𝜃 . 𝑑𝐴 

𝐹 = Ɣ sin 𝜃 ∫ 𝑦 . 𝑑𝐴 



= Ɣ sin 𝜃 𝑦𝑐 𝐴  

 

➢ ℎ𝑐 = 𝑦𝑐 sin 𝜃 

                      

                                                               …... (3.3) 

           

❖ Centre of Pressure for Inclined Surface 

 

𝑦𝑃 − 𝑦𝐶 =
𝐼𝐶

𝑦𝐶 . 𝐴
 

𝑦𝑃 = 𝑦𝐶 +
𝐼𝐶

𝑦𝐶 . 𝐴
 

                                                 

                                                              ……. (3.4) 

 

 

 

 

 

 

 

 

 

 

 𝐹 = Ɣ ℎ𝑐 𝐴 

 ℎ𝑃 = ℎ𝐶 +
𝐼𝐶𝑠𝑖𝑛2𝜃

ℎ𝐶.𝐴
 



Table.3.1 Moment of Inertia and other Geometric Properties of Plane Surface 

 

 

 



 

 

 

 

Example 3.1: A 3.6 m by 1.5 m wide rectangular gate MN is vertical 

and is hinged at point 15 cm below the center of gravity of the gate. The 

total depth of water is 6 m. What horizontal force must be applied at the 

bottom of the gate to keep the gate closed? 

 

 

 



Total pressure acting on the plane surface of the gate 

𝐹 = 𝜌 𝑔. 𝐴. �̅� 

= 1000 x 9.81 x (3.6 x 1.5) x 4.2 

= 222491 N  

The depth of center of pressure 

ℎ̅ = �̅� +
𝐼𝑐

𝐴�̅�
 

4.2 +

1
12

× 1.5 × (3.63)

(1.5 × 3.6) × 4.2
 

= 4.457 m 

Let F be the force required to be applied at the bottom of the gate to 

keep it closed. Taking moment about the hinge,  

F (1.8-0.15) - 222491 (0.257 - 0.15) = 0 

F = 14428 N 

 

 



Example 3.2 A triangular gate which has a base of 1.5 m and an altitude 

of 2 m lies in a vertical plane. The vertex of the gate is 1 m below the 

surface of a tank which contains oil of specific gravity 0.8. Find the 

force exerted by the oil on the gate and the position of the center of 

pressure. 

Ɣ = 0.8 x 9810 = 7848 N/m3 

𝐴 =
1

2
× 1.5 × 2 = 1.5𝑚2 

�̅� = (1 +
2

3
× 2) = 2.33𝑚 

The force exerted on the gate 

𝐹 = Ɣ𝐴. �̅� 

= 7848 x 1.5 x 2.33 

 = 27428 N 

The position of the center of pressure 

ℎ̅ = �̅� +
𝐼𝑐

𝐴�̅�
 



2.33 +
0.33

1.5 × 2.33
 

= 2.43 m 

 

Example 3.3: A rectangular door 2m high and 1 m wide closes an 

opening in the vertical side of a bulkhead which retains water on one 

side of it to a depth of 2 m above the top of the door. The door is 

supported by two hinges placed 10 cm, from the top and bottom of one 

of the vertical sides, and it is fastened by a bolt fixed at the center of the 

opposite vertical side. Determine the forces on each hinge and the force 

exerted on the bolt. 

 



           Total pressure      𝑃 = Ɣ 𝐴 �̅� 

                                             = 9810 x 2 x1 x 3 

                                              = 58.86 kN 

ℎ̅ = �̅� +
𝐼𝑐

𝐴�̅�
 

= 3 +

1 × 23

12
2 × 3

 

= 3.1m 

One half of P is taken by the hinges and the other half by the bolt. 

 Force on the bolt F = P/2 = 29.43 kN 

 Taking moment about at the bottom hinge 

 FT (1.8) = P x 0.8 - F x 0.9 

 FT = 11.445 kN  

FB = 29.43-11.445 = 17.985 kN 

 

Example 3.4 Gate PQ shown in the figure below is 1.25 m wide and 2 m high and 

it is hinged at P. Gage G reads 1.5 x 104 N/m2. The left-hand tank contains water 



and the right-hand tank oil of specific gravity 0.75 up to the heights shown in the 

figure. What horizontal force must be applied at Q to keep the gate closed? 

 

𝐹𝑜𝑖𝑙 = 𝜌 𝑔 𝐴 �̅� = 1000 x 0.75 x 9.81 x (2 x1.25) x 1 = 18394 N 

 

ℎ̅ = �̅� +
𝐼𝑐

𝐴�̅�
 

= 1 +
1

12⁄ (1.25)(23)

(1.25 × 2) × 1
 

= 1.34 m 

For LHS of gate, it is necessary to convert the negative pressure due to the air to its 

equivalent in meters of water 

ℎ =
𝑃

𝜌 𝑔
=

−1.5 × 104

103 × 9.81
= −1.5𝑚 



This negative pressure head is equivalent to having the water level in the 

tank reduced by 1.5 m. 

𝑃𝑤𝑎𝑡𝑒𝑟 = 103 × 9.81 × (2 × 1.25) × (4.5 − 1) 

= 85838N 

ℎ = 3.5 +
1

12⁄ (1.25)(23)

(1.25×2)×3.5
 

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
= 3.595 m 

Taking the moments of all the forces about the hinge and equating the 

sum of all the moments to zero for equilibrium of the gate 

𝐹 × 2 + 𝑃𝑜𝑖𝑙 × 1.34 − 𝑃𝑤𝑎𝑡𝑒𝑟(3.595 − 2.5) = 0 

F = 34672.5 N acting at Q to the left 

 

 

 

Example 3.5 A trapezoidal plate 3 m wide at the base and 6 m at the top is 3 m 

high. Determine the total pressure exerted on the plate and the depth to the center 

of pressure when the plate is immersed normally in water up to its upper edge. 



 

 

𝐹 = Ɣ 𝐴 �̅� 

A= 
(3+6)×3

2
 =13.5m2 

�̅� =
(2 × 3 + 6) × 3

3 × (3 + 6)
= 1.333 𝑚 

𝐹 = 9810 × 13.5 × 1.33 = 

= 176580 N             =176.58kN 

 

ℎ̅ = �̅� +
𝐼𝑐

𝐴�̅�
 

 

𝐼𝐶 =  
(32 + 4 × 3 × 6 + 62) × 33

36 × (3 + 6)
 



= 6.75 m4 

ℎ̅ = 1.333 +
6.75

13.5 × 1.333
 

= 1.875 m 

 

 

 

 

 

 



4. Hydrostatic forces on curved plane surfaces: 

 

 

 

 



 

On a curved plane surface, the element force (dF) varies both in 

magnitude and direction, the x and y component of the force can be 

evaluated by the summation of element force component  

Since  

𝐹 = ∫ 𝑑𝐹  = ∫ 𝑃 𝑑𝐴                           ………. (1) 

𝑑𝐹𝐻 = 𝑑𝐹 sin 𝜃    = 𝑃𝑑𝐴 sin 𝜃         ……….. (2) 



𝑑𝐹𝑉 = 𝑑𝐹 cos 𝜃   = 𝑃𝑑𝐴 cos 𝜃        ……….. (3) 

Sup (2) in (1) 

𝐹𝐻 = ∫ 𝑃 𝑑𝐴 sin 𝜃 

      =  ∫ 𝜌 𝑔 ℎ (𝑑𝐴)𝑉 

 

 

where A is the area of the projection of the curved surface into 

the vertical plane, i.e., the area of the vertical plane 

Therefore, to determine the horizontal component of force on a 

curved surface in a hydrostatic fluid: 

 1. Project the curved surface in to the appropriate vertical plane.  

2. Determine the location of the centroid c.g. of the vertical 

plane. 

𝐹𝐻 = 𝜌 𝑔ℎ𝑐 𝐴𝑉 

 



 3. Determine the depth of the centroid hCg of the vertical plane. 

 4. Calculate FH = ρ g hC A  

6. The location of FH is through the center of pressure c.p of the 

vertical plane, not the centroid 

𝑦𝑃 = 𝑦𝐶 +
𝐼𝑐.𝑔

𝐴. 𝑦𝑐
 

𝑦𝑐 = ℎ𝑐 

 

 

 



Subs eq (3) in (1) 

𝐹𝑉 = ∫ 𝑃 . 𝑑𝐴 cos 𝜃 

       = ∫ 𝜌  𝑔 ℎ (𝑑𝐴)𝐻 

𝐹𝑉 = ∫ 𝜌  𝑔 𝑑𝑉 

                                                    

                                        

 

 

   

      𝐹𝑉 =  𝜌  𝑔 𝑉 

 



Total 𝐹 = √(𝐹𝐻)2 + (𝐹𝑉)2 

Location is  

tan 𝜃 =
𝐹𝐻

𝐹𝑉
 

 

 

 Example 3.8 Determine and locate the components of the force due to 

the water acting on the curved surface AB as shown in figure, per meter 

of its length. 

 

 

 

 

 

 

𝐹𝐻= Force on vertical projection CB 

FH = ρ. g. AX. ℎ𝑐 



= 1000 x 9.81 x (6x1) x 3 

 = 176.58 KN  

𝐹𝑉 = Weight of the water above surface AB 

FV =  ρ. g. V 

=1000 x 9.81 x (
𝜋𝑅2

4
x 1) 

= 277.37 KN 

𝐹𝑅 =  √𝐹𝐻
2 + 𝐹𝑉

2
= 328.81 KN 

𝜃 = tan−1 𝐹𝐻

𝐹𝑉
 = = 32.48' 
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