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Unit-5 

Forces on immersed bodies: Types of drag, drag on a sphere, a flat plate, a cylinder and an airfoil 

development of lift, lifting vanes, Magnus effect. 

Fluid Machines: 

Turbines: Classifications, definitions, similarity laws, specific speed and unit quantities, Pelton turbine- their 

construction and settings, speed regulation, dimensions of various elements, Action of jet, torque, power 

and efficiency for ideal case, characteristic curves. Reaction turbines: construction  

& settings, draft tube theory, runaway speed, simple theory of design and characteristic curves, cavitation. 

Pumps: 

Centrifugal pumps: Various types and their important components, manometric head, total head, net 

positive suction head, specific speed, shut off head, energy losses, cavitation, principle of working and 

characteristic curves. 

Reciprocating pumps: Principle of working, Coefficient of discharge, slip, single acting and double acting 

pump, Manometric head, Acceleration head. 

 
Forces on Immersed Bodies 

Forces on immersed bodies  

When a body is immersed in a real fluid, which is flowing at a uniform velocity U, the fluid will exert a force 

on the body. The total force (FR) can be resolved in two components:  

Drag (FD): Component of the total force in the direction of motion of fluid.  

Lift (FL): Component of the total force in the perpendicular direction of the motion of fluid. It occurs only 

when the axis of the body is inclined to the direction of fluid flow. If the axis of the body is parallel to the 

fluid flow, lift force will be zero.  
 
 
 
 
 
 
 

 
 

Figure of immersed body 
 
Expression for Drag & Lift  

 

Forces acting on the small elemental area dA are:  

i. Pressure force acting perpendicular to the surface i.e. p dA 

ii. “hea  fo e a ti g alo g the ta ge tial di e tio  to the su fa e i.e. τ dA  
 

Drag force (FD):   

D ag fo e o  ele e tal a ea = p dA osθ + τ  dA os  – θ = p dAosθ + τ dAsi θ He e Total d ag o  p ofile 
drag) is given by,  

 = ∫ Cos   + ∫  si    
Where  

∫ Cos = p essu e d ag o  fo  d ag, a d ∫  si    = shea  d ag o  f i tio  d ag o  ski  d ag  
 

Lift force (FL):  
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Lift fo e o  the ele e tal a ea = − p dAsi θ + τ  dA “i   – θ = − p dAsiθ + τ dA osθ He e, total lift is 
given by   

The drag & lift for a body moving in a fluid of density at a uniform velocity U are calculated mathematically  

And  

Where A = projected area of the body or largest project area of the immersed body.  

CD & CL = coefficient of drag & lift respectively. The equations for FD & FL are derived using dimensional 

analysis.  

Then the resultant force is given by  

 

 

Drag Coefficient (CD)   

It is a dimensionless quantity used to quantify the drag or the resistance of an object in a fluid environment. 

Lower the CD lesser will be the drag force.  

It is not an absolute constant for a given body shape. It varies with the speed of air flow (or more generally 

ith the Re old’s ue . e.g. a sooth sphe e has a CD that varies from high values for laminar flow to 0.47 for 

turbulent flow. Although the CD de eases ith i ease i Re old’s ue , the d ag fo e i eases.  
 

Lift Coefficient (CL)  

It is a dimensionless coefficient that relates the lift generated by a lifting body to the fluid density around the 

body, the fluid velocity and the associated projected area.  

It is a fu tio  of a gle of atta k i.e. the a gle et ee  the a is of the od  a d the di etio of flo , Re old’s 
uer of the flow ad Mah o.  

 

Types of drag  

 

Pressure drag:   

It is the drag which acts perpendicular to the surface of a body which is immersed in a fluid.  

When a fluid flows through a bluff body whose surface is no-where parallel to the main stream flow, the 

fluid starts to leave the body surface & separation of flow occurs, due to which, a region of low pressure is 

developed on the downstream side of the body. This regio is alled wake. The flow i this regio fors a series of 

eddies. The pressure difference produces a drag on the body, known as pressure drag or form drag. For a 

sphere, the pressure drag is one third of the total drag.  

 

Friction drag:  

It is the shear force acting along the tangential direction to the surface of a body immersed in a fluid.  

When a fluid flows through a submerged body, a layer of fluid comes i n contact with the surface of the 

body& a region of velocity gradient is formed, called boundary layer. This layer produces a shear stress on 

the surface of the body tangentially, which is called friction drag or shear drag or surface drag. For a sphere, 

the friction drag is two-third of the total drag.  

 

Deformation drag:  

It o u s he  is ous fo es a e o e p edo i a t tha  i e tia fo es o  he  Re old’s ue  is less tha..  
Due to viscosity of fluid, deformation of fluid particles is caused and certain forces are necessarily developed, 

which offer additional resistance to the motion of fluid. The component of the forces in the direction of the 

motion is called deformation drag.  
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It is usuall  egligile at highe  e old’s ue .  
 

Streamlined body: - 

A body whose surface coincides with the streamlines, when the body is placed in a flow. E.g.  

Behind a streamlined body, wake formation is very less & consequently, the pressure drag will be small. 

Then the total drag on the streamlined body will be due to friction drag only.  

A body may be streamlined when placed at low velocity but may not be s streamlined at higher 

Bluff body  

A body whose surface does not coincide with the streamlines, when placed in a flow, called bluff body or 

blunt body. E.g. a flat plate placed perpendicular to the direction of flow.  

Formation of large wake zone (or eddies) occurs when a fluid flows through a bluff body, due to separation 

of flow.  

Pressure drag is very large as compared to friction drag in case of bluff bodies.  

 

Drag on a sphere  

Ao dig to G.G. toke, up to Re old’s ue  ., total d ag o a 
smooth sphere is   

FD =   µ D U  
Where µ = dynamic viscosity of fluid, D = diameter of 

sphere & U = velocity of flow.  

Also, Skin friction drag is two-third of the total drag & 

Pressure drag is one-third of the total drag.  

 

Expressions for CD of a sphere:  

When Re< 0.2  

For sphere,   

FD =   µ D U … i But  
 … ii 

Equating (i) & (ii), we get  

 

or 

 

A o e e uatio  is k o  as “toke’s la .  
 

When Re is between 0.2& 5  

 

 

 

When Reis between 5 & 1000  

 CD = 0.4   

 

Classification of Hydraulic turbines: 
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1) Based on type of energy at inlet to the turbine: 

Impulse Turbine: The energy is in the form of kinetic form. e.g: Pelton wheel, Turbo wheel. 

Reaction Turbine: The energy is in both Kinetic and Pressure form. e.g: Tubular, Bulb, Propellar, Francis 

turbine. 

 

2) Based on direction of flow of water through the runner: 

Tangential flow: water flows in a direction tangential to path of rotational, i.e. Perpendicular to both axial 

and radial directions. 

Radial outward flow e.g. : Forneyron turbine. 

 

Axial flow: Water flows parallel to the axis of the turbine. e.g: Girard, Jonval, Kalpan turbine. 

Mixed flow: Water enters radially at outer periphery and leaves axially. e.g : Modern Francis turbine. 

 

3) Based on the head under which turbine works: 

High head, impulse turbine. e.g.: Pelton turbine. 

Medium head, reaction turbine. e.g.: Francis turbine. 

Low head, reaction turbine. e.g.: Kaplan turbine, propeller turbine. 

 

4) Based on the specific speed of the turbine: 

Low specific speed, impulse turbine. e.g : Pelton wheel. 

Medium specific speed, reaction turbine. e.g : Francis wheel. 

High specific speed, reaction turbine. e.g: Kaplan and Propeller turbine. 

 

5) Based on the name of the originator: 

Impulse turbine – Pelton wheel, Girard, Banki turbine. 

Reaction turbine – Forneyron, Jonval, Francis, Dubs, Deriaze, Thomson kalpan, Barker, Moody, Nagler, Bell 

 

Pelton wheel  

The Pelton wheel is an impulse type water turbine. It was invented by Lester Allan Pelton in the 1870s. The 

Pelton wheel extracts energy from the impulse of moving water, as opposed to water's dead weight like the 

traditional overshot water wheel. Many variations of impulse turbines existed prior to Pelton's design, but 

they were less efficient than Pelton's 

design. Water leaving those wheels 

typically still had high speed, carrying away 

much of the dynamic energy brought to the 

wheels. Pelton's paddle geometry was 

designed so that when the rim ran at half the 

speed of the water jet, the water left the 

wheel with very little speed; thus his design 

extracted almost all of the water's impulse 

energy—which allowed for a very efficient turbine. 

 

The Basic Working Principle 

Working principle of Pelton turbine is simple. When a high speed water jet injected through a nozzle hits 

buckets of Pelton wheel; it induces an impulsive force. This force makes the turbine rotate. The rotating shaft 

runs a generator and produces electricity. 

Fig: Pelton Wheel 
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Governing in Pelton Wheel: 

Demand of power may fluctuate over time. A governing mechanism which controls position of the spear 

head meets this requirement. With lowering power demand the spear 

head at water inlet nozzle is moved in. So that water flow rate is 

reduced. If power demand increases spear head is moved out this will 

increase the flow rate. Following figure illustrates this mechanism. The 

first position of the spear head produces a low flow rate, while the 

second position produces a high flow rate. 

So in Pelton turbine synchronization between power demand and 

power supply is met by controlling the water flow rate. The same 

te h i ue is used i  othe  t pe’s h d oele t i  tu i es. If the po e  
supply is more than the demand, then the turbine will run over speed 

otherwise in under speed. But such a governing mechanism in turn will 

balance the power supply and demand and will make sure that the 

turbine rotates at a constant specified RPM. This speed should also 

conforms to the power supply frequency. So this mechanism acts as a 

speed governing mechanism of Pelton wheel. 

 

Number of Buckets in Pelton Wheel: 

One of the most important parameter of Pelton turbine design is number of buckets on the disk. If number of 

buckets is inadequate, this will result in loss in water jet. That means when one bucket departs from the 

water jet next bucket may not get engaged with the jet. This will result in loss in water jet for a small time 

duration, thus sudden drop in turbine efficiency. Following figure illustrates what happens when the number 

of buckets are lowered. With lowering number of buckets at some point of operation, complete water jet 

might be lost So there should be an appropriate number of buckets, which will make sure that no water is 

lost  

 

Pelton Bucket - Design & Features: 

Most vital component of Pelton wheel is its bucket. Buckets are casted as single solid piece, in order to avoid 

fatigue failure. You can note that force acting on the turbine bucket is not constant with time. If you follow 

one particular bucket, it will have high force for a small time duration (at the time of jet impingement) after 

that a larger idle period where no jet interaction takes place. So the force acting on the bucket is also not 

constant. It varies with the time but it is having a cyclic nature. If bucket were made using pieces by welding 

attachment such cyclic fore will easily lead to premature fatigue failure. 

Water jet is split into 2 equal components with help of a splitter. The special shape of bucket makes the jet 

turn almost 180 degree. This produces an impulsive force on bucket. Force so produced can easily be derived 

f o  Ne to ’s d la  of otio . Blade outlet a gle lose to  deg ee is usuall  used i  o de  to 
maximize impulsive force. 

A cut is provided on bottom portion of buckets. This makes sure that water jet will not get interfered by 

other incoming buckets. 

 

Pelton – An Impulse Turbine: 

Fig: Pelton Wheel 

Fig: Pelton Wheel 

bucket 

Fig:Water striking on splitter  
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Since the water jet is always open to atmosphere, inlet and exit pressure of water jet will be same and will 

be same as atmospheric pressure. However absolute velocity of fluid will have huge drop from inlet to exit of 

bucket. This kinetic energy drop is the maximum energy the bucket can absorb. 

So it is clear that Pelton turbine gains mechanical energy purely due to change in kinetic energy of jet, not 

due to pressure energy change. Which means Pelton turbine is a pure impulse machine. 

 

Impulse force produced by water jet is high when jet is having high velocity. Water stored at high altitude 

can easily produce high jet velocity. This is the reason why Pelton turbine is most suitable for operation, 

when water is stored at high altitude. 

You can easily understand why there is a nozzle fitted at water jet injection portion. Nozzle will increase 

velocity of jet further, thus will aid in effective production of impulse force. 

 

Points to remember for Pelton Turbine: 

1. The velocity of the jet at inlet is given by 

 

Where = co-efficient of velocity =0.98 or 0.99. 

H= Net head on turbine 

2. The velocity of when (u) is given by 

 

Where = speed ratio. The value of speed ratio varies from 0.43 to 0.48 

3. The angle of deflection of the jet through the buckets is taken at 165o if no angle of deflection is given. 

4. The mean diameter or the pitch diameter D of the pelton turbine is given by 

 
5. Jet Ratio: it is defined as the ratio of the pitch diameter (D) of the pelton turbine to the diameter of the 

jet (d). It is denoted by m and is given as 

m = D/d (=12 for most cases) 

6. Number of bucket on a runner is given by 

 
Where m = jet ratio 

(vii) Number of jets: it is obtained by 

dividing total rate of flow through the 

turbine by the rate of flow of water 

through a single jet. 

 

Affinity laws 

 

The affinity laws (Also known as the "Fan Laws" or "Pump Laws") for pumps/fans are used in hydraulics, 

hydraulics and/or HVAC to express the relationship between variables involved in pump or fan 

performance (such as head, volumetric flow rate, shaft speed) and power. They apply to pumps, fans, and 

hydraulic turbines. In these rotary implements, the affinity laws apply both to centrifugal and axial flows. 

The laws are derived usi g the Bu ki gha   theo e . The affi it  la s a e useful as the  allo  p edi tio  
of the head discharge characteristic of a pump or fan from a known characteristic measured at a different 
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speed or impeller diameter. The only requirement is that the two pumps or fans are dynamically similar, 

that is the ratios of the fluid forced are the same. 

Law 1. With impeller diameter (D) held constant: 

Law 1a. Flow is proportional to shaft speed: 

 
Law 1b. Pressure or Head is proportional to the square of shaft speed: 

 
Law 1c. Power is proportional to the cube of shaft speed: 

 
Law 2. With shaft speed (N) held constant: [1] 

Law 2a. Flow is proportional to the impeller diameter: 

 
Law 2b. Pressure or Head is proportional to the square of the impeller diameter: 

 
Law 2c. Power is proportional to the cube of impeller diameter (assuming constant shaft speed): 

 
where 

is the volumetric flow rate (e.g. CFM, GPM or L/s), 

is the impeller diameter (e.g. in or mm), 

is the shaft rotational speed (e.g. rpm),  is the pressure or 

head developed by the fan/pump (e.g. psi or Pascal), and 

is the shaft power (e.g. W).[2] 

These laws assume that the pump/fan efficiency remains constant i.e. , which is rarely exactly true, 

but can be a good approximation when used over appropriate frequency or diameter ranges (i.e., a fan will 

not move anywhere near 1000 times as much air when spun at 1000 times its designed operating speed, 

but the air movement may be increased by 99% when the operating speed is only doubled). The exact 

relationship between speed, diameter, and efficiency depends on the particulars of the individual fan or 

pump design. Product testing or computational fluid dynamics become necessary if the range of 

acceptability is unknown, or if a high level of accuracy is required in the calculation. Interpolation from 

accurate data is also more accurate than the affinity laws. When applied to pumps the laws work well for 

constant diameter variable speed case (Law 1) but are less accurate for constant speed variable impeller 

diameter case (Law 2). 

 

Specific speed 
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Specific speed Ns, is used to characterize turbo machinery speed.[1] Common commercial and industrial 

practices use dimensioned versions which are of equal utility. Specific speed is most commonly used in pump 

applications to define the suction specific speed. 

 

A quasi-non-dimensional number that categorizes pump impellers as to their type and proportions. In 

Imperial units it is defined as the speed in revolutions per minute at which a geometrically similar impeller 

would operate if it were of such a size as to deliver one gallon per minute against one foot of hydraulic head. 

In metric units flow may be in l/s or m³/s and head in m, and care must be taken to state the units used. 

Performance is defined as the ratio of the pump or turbine against a reference pump or turbine, which 

divides the actual performance figure to provide a unit less figure of merit. The resulting figure would more 

descriptively be called the "ideal reference-device-specific performance." This resulting unit less ratio may 

loosely be expressed as a "speed," only because the performance of the reference ideal pump is linearly 

dependent on its speed, so that the ratio of [device-performance to reference-device-performance] is also 

the increased speed at which the reference device would need to operate, in order to produce the 

performance, instead of its reference speed of "1 unit." 

Specific speed is an index used to predict desired pump or turbine performance. i.e. it predicts the general 

shape of a pumps impeller. It is this impeller's "shape" that predicts its flow and head characteristics so that 

the designer can then select a pump or turbine most appropriate for a particular application. Once the 

desired specific speed is known, basic dimensions of the unit's components can be easily calculated. 

Several mathematical definitions of specific speed (all of them actually ideal-device-specific) have been 

created for different devices and applications. 

 

Pump specific speed 

Low-specific speed radial flow impellers develop hydraulic head principally through centrifugal force. Pumps 

of higher specific speeds develop head partly by centrifugal force and partly by axial force. An axial flow or 

propeller pump with a specific speed of 10,000 or greater generates its head exclusively through axial forces. 

Radial impellers are generally low flow/high head designs whereas axial flow impellers are high flow/low 

head designs. In theory, the discharge of a "purely" centrifugal machine (pump, turbine, fan, etc.)is 

tangential to the rotation of the impeller whereas a "purely" axial-flow machine's discharge will be parallel 

to the axis of rotation. There are also machines that exhibit a combination of both properties and are 

specifically referred to as "mixed-flow" machines. 

Centrifugal pump impellers have specific speed values ranging from 500 to 10,000 (English units), with radial 

flow pumps at 500-4000, mixed flow at 2000-8000 and axial flow pumps at 7000-20,000. Values of specific 

speed less than 500 are associated with positive displacement pumps. 

As the specific speed increases, the ratio of the impeller outlet diameter to the inlet or eye diameter 

decreases. This ratio becomes 1.0 for a true axial flow impeller. 

 
where: 

is specific speed (dimensionless) 

is pump rotational speed (rpm) 

is flow rate (l/s) at the point of best efficiency 

is total head (m) per stage at the point of best efficiency 

Note that the units used affect the specific speed value in the above equation and consistent units should be 

used for comparisons. Pump specific speed can be calculated using British gallons or using Metric units (m3/s 

or L/s and metres head), changing the values listed above. 

Downloaded from  be.rgpvnotes.in

Page no: 8 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


 

 

 

 

The following equation gives a dimensionless specific speed.  

 

Net suction specific speed 

The net suction specific speed is mainly used to see if there will be problems with cavitation during the 

pump's operation on the suction side. It is defined by centrifugal and axial pumps' inherent physical 

characteristics and operating point.The net suction specific speed of a pump will define the range of 

operation in which a pump will experience stable operation . The higher the net suction specific speed, then 

the smaller the range of stable operation, up to the point of cavitation at 8500 (unit less). The envelope of 

stable operation is defined in terms of the best efficiency point of the pump. The net suction specific speed is 

defined as: 

 
Where: 

 

Net suction specific speed 

Rotational speed of pump in rpm 

Flow of pump in US gallons per minute 

 Net positive suction head (NPSH) required in feet at pump's best efficiency point 

 

Turbine specific speed 

The specific speed value for a turbine is the speed of a geometrically similar turbine which would produce 

unit power (one kilowatt) under unit head (one meter).The specific speed of a turbine is given by the 

manufacturer (along with other ratings) and will always refer to the point of maximum efficiency. This allows 

accurate calculations to be made of the turbine's performance for a range of heads. 

Well-designed efficient machines typically use the following values: Impulse turbines have the lowest ns 

values, typically ranging from 1 to 10, a Pelton wheel is typically around 4, Francis turbines fall in the range of 

10 to 100, while Kaplan turbines are at least 100 or more, all in imperial units. 

 (Dimensioned parameter),  = rpm  

Where: 

 = angular velocity (radians per second) 

 = Net head after turbine and waterway loss (m) 

 = water flow (m³/s) 

 = Wheel speed (rpm) 

 = Power (kW) 

 = Water head (m) 

  = English units 

Expressed in English units, the "specific speed" is defined as ns = √ P /h5/4 

Where n is the wheel speed in rpm P is the power in horsepower h is the water head in feet 

Metric units 

Expressed in metric units, the "specific speed" is ns = .  √ P /h5/4 

Where n is the wheel speed in rpm P is the power in kilowatts h is the water head in meters 

The factor 0.2626 is only required when the specific speed is to be adjusted to English units. In countries 

which use the metric system, the factor is omitted, and quoted specific speeds are correspondingly 

larger. 
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Example 

Given a flow and head for a specific hydro site, and the RPM requirement of the generator, calculate the 

specific speed. The result is the main criteria for turbine selection or the starting point for analytical design of 

a new turbine. Once the desired specific speed is known, basic dimensions of the turbine parts can be easily 

calculated. 

Turbine calculations: 

 

 
Well-designed efficient machines typically use the 

following values: Impulse turbines have the lowest ns 

values, typically ranging from 1 to 10, a Pelton wheel is 

typically around 4, Francis turbines fall in the range of 10 to 

100, while Kaplan turbines are at least 100 or more, all in 

imperial units. 

 

PELTON TURBINE REGULATION BASIC INFORMATION AND 

TUTORIALS 

Hydraulic turbines are usually coupled to an electric generator and the generator must run at constant speed 

to maintain frequency of supply constant. The speed of generator N in rev/min, the frequency of supply (f) in 

Hertz and number of poles of the generator P are related by the equation: 

 

f = NP/120 

 

The peripheral velocity u of turbine wheel must remain constant as speed is constant. The velocity u and 

speed N are connected by the formula: 

 

u = pi DN/60 

 

where D is mean diameter of the wheel. 

 

It is also desirable to run turbine at maximum efficiency and therefore speed ratio u/VI must remain same 

which means the jet velocity must not change as head available H is constant. The only way to adjust the 

load is to change hydraulic power input given by p= yQH 

 

As y, specific weight of water and H are constant, the only variable factor is Q volume flow rate of water 

entering the turbine. The flow rate Q is Q = Area of nozzle x velocity of jet 

 

Thus flow rate will change by changing the area of the jet or more closely the diameter of the jet. This is 

accomplished by a spear valve and deflector plate shown in figure below. 

 = Runner diameter (m)  
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The spear alters the cross-sectioned area of the jet. The position of spear is controlled by a servo mechanism 

that senses the load change. For a sudden loss of load when the turbine is shut down, a deflector plate rises 

to remove the jet totally from the buckets and to allow time for the spear to move to new position. 

 

As seen in the figure for high load the spear valve has moved out, then increasing the area of the jet, at low 

loads the spear has moved in, decreasing the area of the jet. Deflector plate in normal position and fully 

deflected jet are also seen in the figures. 
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Turbine physics and derivation 

Energy and initial jet velocity 

In the ideal (frictionless) case, all of the hydraulic potential energy (Ep = mgh) is converted into kinetic 

energy (Ek = mv2/2) (see Bernoulli's principle). Equating these two equations and solving for the initial 

jet velocity (Vi) indicates that the theoretical (maximum) jet velocity is Vi = √ gh  . Fo  si plicity, 

assume that all of the velocity vectors are parallel to each other. Defining the velocity of the wheel 

runner as: (u) , then as the jet approaches the runner, the initial jet velocity relative to the runner is: (V i 

− u .[4] The initial jet velocity of jet is Vi Final jet velocity 

Assuming that the jet velocity is higher than the runner velocity, if the water is not to become backed-up 

in runner, then due to conservation of mass, the mass entering the runner must equal the mass leaving 

the runner. The fluid is assumed to be incompressible (an accurate assumption for most liquids). Also it 

is assumed that the cross-sectional area of the jet is constant. The jet speed remains constant relative to 

the runner. So as the jet recedes from the runner, the jet elo it  elati e to the u e  is: − Vi − u  = −Vi 

+ u. In the standard reference frame (relative to the earth), the final velocity is then: Vf = −Vi + u) + u = 

−Vi + 2u. 

Optimal wheel speed 

We know that the ideal runner speed will cause all of the kinetic energy in the jet to be transferred to 

the heel. I  this ase the fi al jet elo it  ust e ze o. If e let −Vi + 2u = 0, then the optimal runner 

speed will be u = Vi /2, or half the initial jet velocity. 

Torque 

By Newton's second and third laws, the force F imposed by the jet on the runner is equal but opposite to 

the rate of momentum change of the fluid, so: 

F = − Vf − Vi  = − Q[ −Vi + u  − Vi] = − Q − Vi + u  = Q Vi − u  

Where  is the de sit  a d Q  is the olu e ate of flo  of fluid. If (D) is the wheel diameter, the 

to ue o  the u e  is: T = F D/  = QD Vi − u . The to ue is at a a i u  he  the u e  is 
stopped i.e. he  u = , T = QDVi). When the speed of the runner is equal to the initial jet velocity, the 

torque is zero (i.e. when u = Vi, then T = 0). On a plot of torque versus runner speed, the torque curve is 

straight between these two points, (0, QDVi) and (Vi, 0) Nozzle efficiency: The ratio of K.E.of jet per sec 

to the water power at the base of nozzle 

Power 

The powe  P = Fu = Tω, he e ω is the a gula  elo it  of the heel. “u stituti g fo  F, e ha e P = 
Q Vi − 
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u)u. To find the runner speed at maximum power, take the derivative of P with respect to u and set it 

equal to zero, [dp/du = Q Vi − u ]. Ma i u  po er occurs when u = Vi /2. Pmax = QVi
2/2. 

Substituting the initial jet power Vi = √ gh , this si plifies to Pmax = ghQ. This ua tit  e a tl  e uals 
the kinetic power of the jet, so in this ideal case, the efficiency is 100%, since all the energy in the jet is 

converted to shaft output. 

Efficiency 

A heel po e  di ided  the i itial jet po e , is the tu i e effi ie , η = u V i − u /Vi
2. It is zero for u 

= 0 and for u = Vi. As the equations indicate, when a real Pelton wheel is working close to maximum 

efficiency, the fluid flows off the wheel with very little residual velocity. In theory, the energy efficiency 

varies only with the efficiency of the nozzle and wheel, and does not vary with hydraulic head.[5] The 

term "efficiency" can refer to: Hydraulic, Mechanical, Volumetric, Wheel, or overall efficiency. 

Francis turbine: 

The Francis turbine is a type of water turbine that was developed by James B. Francis in Lowell, 

Massachusetts.[1] It is an inward-flow reaction turbine that combines radial and axial flow concepts. 

Francis turbines are the most common water turbine in use today. They operate in a water head from 40 

to 600 m (130 to 2,000 ft) and are primarily used for electrical power production. The electric 

generators that most often use this type of turbine have a 

power output that generally ranges just a few kilowatts up 

to 800 MW, though mini-hydro installations may be 

lower. Penstock (input pipes) diameters are between 3 and 

33 feet (0.91 and 10.06 metres). The speed range of the 

turbine is from 75 to 1000 rpm. A wicket gate around the 

outside of the turbine's rotating runner controls the rate of 

water flow through the turbine for different power 

production rates. Francis turbines are almost always 

mounted with the shaft vertical to isolate water from the 

generator. This also facilitates installation and 

maintenance. 

 

Main parts 

A Francis turbine consists of the following main parts: 

 

Spiral casing:  

The spiral casing around the runner of the turbine is known as the volute casing or scroll case. 

Throughout its length, it has numerous openings at regular intervals to allow the working fluid to 

impinge on the blades of the runner. These openings convert the pressure energy of the fluid into 

momentum energy just before the fluid impinges on the blades. This maintains a constant flow rate 

despite the fact that numerous openings have been provided for the fluid to enter the blades, as the 

cross-sectional area of this casing decreases uniformly along the circumference. 

 

Guide or stay vanes:  

The primary function of the guide or stay vanes is to convert the pressure energy of the fluid into the 

momentum energy. It also serves to direct the flow at design angles to the runner blades. 

Runner blades: Runner blades are the heart of any turbine. These are the centers where the fluid strikes 

and the tangential force of the impact causes the shaft of the turbine to rotate, producing torque. Close 

Fig: Francis Tubine draft tube 
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attention in design of blade angles at inlet and outlet is necessary, as these are major parameters 

affecting power production. 

 

Draft tube:  

The draft tube is a conduit that connects the runner exit to the tail race where the water is discharged 

from the turbine. Its primary function is to reduce the velocity of discharged water to minimize the loss 

of kinetic energy at the outlet. This permits the turbine to be set above the tail water without 

appreciable drop of available head. 

 

Centrifugal pumps: 

Centrifugal pumps are the most commonly used kinetic-energy pump. Centrifugal force pushes the liquid 

outward from the eye of the impeller where it enters the casing. Differential head can be increased by 

turning the impeller faster, using a larger impeller, or by increasing the number of impellers. The 

impeller and the fluid being pumped are isolated from the outside by packing or mechanical seals. Shaft 

radial and thrust bearings restrict the movement of the shaft and reduce the friction of rotation. 

Bbasic classifications 

Centrifugal pumps are designed with respect to the: 

1. Number of suctions (single or double) 

2. Number of impellers (single, double, or multistage) 

3. Output 

4. Impellers (type, number of vanes, etc.) 

 

Most impellers are arranged from one side only and are called single-suction design. High-flow models 

use impellers that accept suction from both sides and are called double-suction design. 

 

 

Impeller types 

The efficiency of a centrifugal pump is determined by the impeller. Vanes are designed to meet a given 

range of flow conditions. Fig. 1 illustrates the basic types of impellers. 

 

Open impellers 

Vanes are attached to the central hub, without any form, sidewall, or shroud, and are mounted directly 

onto a shaft. Open impellers are structurally weak and require higher NPSHR values. They are typically 

used in small-diameter, inexpensive pumps and pumps handling suspended solids. They are more 

sensitive to wear than closed impellers, thus their efficiency deteriorates rapidly in erosive service. 

 

Partially open or semiclosed impellers 

This type of impeller incorporates a back wall (shroud) that serves to stiffen the vanes and adds 

mechanical strength. They are used in medium-diameter pumps and with liquids containing small 

amounts of suspended solids. They offer higher efficiencies and lower NPSHR than open impellers. It is 

important that a small clearance or gap exists between the impeller vanes and the housing. If the 

clearance is too large, slippage and recirculation will occur, which in turn results in reduced efficiency 

and positive heat buildup. 

 

 

Closed impellers 

The closed impeller has both a back and front wall for maximum strength. They are used in large pumps 

with high efficiencies and low NPSHR. They can operate in suspended-solids service without clogging but 

will exhibit high wear rates. The closed-impeller type is the most widely used type of impeller for 
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centrifugal pumps handling clear liquids. They rely on close-clearance wear rings on the impeller and on 

the pump housing. The wear rings separate the inlet pressure from the pressure within the pump, 

reduce axial loads, and help maintain pump efficiency 

 

Single stage pumps 

The single-stage centrifugal pump, consisting of one impeller, is the most widely used in production 

operations. They are used in pumping services of low-to-moderate TDHs. The TDH (total dynamic head) 

is a fu tio  of the i pelle ’s top speed, o all  ot highe  tha   ft/min. Single-stage pumps can be 

either single or double suction. The single-stage pump design is widely accepted and has proved to be 

highly reliable. However, they have higher unbalanced thrust and radial forces at off-design flow rates 

than multistage designs and have limited TDH capabilities. 

 

Multistage pumps 

The multistage centrifugal pump consists of two or more impellers. They are used in pumping services of 

moderate-to-high TDHs. Each stage is essentially a separate pump. All the stages are within the same 

housing and installed on the same shaft. Eight or more stages can be installed on a single horizontal 

shaft. There is no limit to the number of stages that can be installed on a vertical shaft. Each stage 

increases the head by approximately the same amount. Multistage pumps can be either single or double 

suction on the first impeller. 

 

Impeller axial loading 

A single-suction, enclosed or semienclosed impeller is inherently subject to continual end thrust. The 

thrust is directed axially toward the suction because of the low pressures that exist in the impeller eye 

during pump operation. This thrust is handled with a thrust bearing. The larger the TDH and the larger 

the impeller-eye diameter, the larger the thrust. Excessive thrust results in bearing and seal damage. 

Thrust can be reduced by designing a single-stage impeller for a double suction. In multistage pumps, 

thrust can be reduced by facing half the impellers in one direction and half in the other. Balancing holes 

can be used in single-suction, single-stage pumps. The impeller is cored at the rear shroud to allow high-

pressure liquid to flow back to the impeller eye. 

 

 

 

Impeller radial loading 

As the fluid leaves the top of the rotating impeller, it exerts an equal and opposite force on the impeller, 

shaft, and radial bearings. At the best-efficiency point (BEP), the sum of all radial forces nearly cancels 

each other out. At capacities below or above the BEP, forces do not cancel out completely because the 

flow is no longer uniform around the periphery on the impeller. Radial forces can be significant. Heavy-

dut  adial ea i gs a  e e ui ed i  lieu of the a ufa tu e ’s sta da d he  pu p ope atio  
departs significantly from the BEP. 

Pump specific speed 

Pump specific speed is the speed in revolutions per minute required to produce a flow of 1 gal/min with 

a TDH of 1 ft, with an impeller similar to the one under consideration but reduced in size. The pump 

specific speed links the three main components of centrifugal-pump performance characteristics into a 

single term. It is used to compare two centrifugal pumps that are geometrically similar. Pump specific 

speed can be calculated from 

................(1) 

where 
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Ns = pump specific speed 

N = pump rotative speed 

q = pump capacity 

Htd′ = TDH pe  stage at the BEP. 

 

The pu p spe ifi  speed is al a s al ulated at the pu p’s poi t of 
a i u  effi ie . The u e  is used to ha a te ize a pu p’s 

performance as a function of its flowing parameters. Normally, it is 

desirable to select the impeller with the highest specific speed 

(smallest diameter). This may be offset by the higher operating cost 

associated with higher speeds and greater susceptibility to 

cavitation damage. 

Impellers With Low Specific Speeds (500 to 4,000). Radial-flow impellers typically have low specific 

speeds. Radial-flow impellers are narrow and relatively large in diameter and are designed for high TDHs 

and low flow capacity. The pumped fluid undergoes a 90° turn from inlet to outlet of the impeller. 

Impellers With Median Specific Speeds (4,000 to 10,000). Mixed-flow impellers typically have medium 

specific speeds and are wider and smaller in diameter than radial-flow impellers. They exhibit medium 

TDH and medium flow capability. They are typically used in vertical multistage pumps and downhole 

electrical submersible pumps, which require small diameters. 

Impellers With High Specific Speeds (10,000 to 16,000). Axial-flow impellers typically have high specific 

speeds. In these impellers, the liquid flow direction remains parallel to the axis of the pump shaft. Axial-

flow impellers are used for high flow and low TDH applications. They are most commonly used for water 

irrigation, flood control, pumped storage power-generation projects, and as ship impellers. 

 

Pump performance curves 

When a pump manufacturer develops a new pump, the new pump is tested for performance under 

controlled conditions. The results are plotted to show flow rate vs. head, efficiency, and power 

consumption. These graphs are known as performance curves. Under similar operating conditions, an 

installed pump is expected to demonstrate the same performance characteristics as shown on the 

performance curves. If it does not, this indicates that something is wrong with the system and/or pump. 

Comparison of actual pump performance with rated performance curves can help determine pump 

malfunction. 

 

Curve performance 

The impeller shape and speed is the primary determinant of pump performance. Fig. 2 illustrates a 

generalized centrifugal-pump curve. Head, NPSHR, efficiency, horsepower, and brake-horsepower (BHP) 

requirements vary with flow rate. The TDH is greatest at zero capacity (shutoff head) and then falls off 

with increasing flow rates. The horsepower curve starts out at some small value at zero flow, increases 

moderately up to a maximum point, and then tapers off slightly. The pump efficiency curve starts out at 

zero, increases rapidly as flow increases, levels off at the BEP, and decreases thereafter. The NPSHR is a 

finite value at zero flow and increases as the square of the increase in flow rate. 

Curve parameters 

It is best to operate the pump at the BEP, but this is not normally feasible. Alternatively, the pump 

should operate only in the area of the curve closest to the BEP and only in the moderately sloping 

portion of the head curve. Operating in the flat or steeply sloping portions of the curve results in wasted 

energy and flow control instability. Pumps that run at or near BEP run smoother and have better run 

lives. Any time the actual flow drops to less than 50% of the BEP flow, it is wise to consult the 

manufacturer because shaft deflections may increase dramatically (especially with single-stage 

overhung-design pumps), which could lead to higher maintenance costs and to failures. 
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Pumps in parallel 

Fig.: illustrates the shape the TDH-vs.-capacity curve assumes when identical pumps are operated in 

parallel and series. Parallel operation occurs where multiple pumps are piped to the same suction and 

discharge lines. The combined flow rate is the total of the individual pump flows at the TDH. In most 

cases, the head capacity curves of the parallel pumps are the same, or nearly so. It is not necessary for 

the curves to be the same as long as each pump operating in parallel can put out the desired TDH. 

All centrifugal pumps discharging to an elevated or pressurized vessel and all centrifugal pumps 

operating in parallel should have check valves in the event of a pump shutdown to keep the pump from 

spinning backwards. (The danger is a sheared shaft on restart attempt.) 

Driver size should be selected so that overloading does not occur 

at any point across the entire pump curve. Flow orifices or meters 

should e p o ided i  ea h pu p’s dis ha ge li e fo  e ification 

of flow rates. Suction and discharge piping should be arranged as 

symmetrically as practical so that all pumps have the same NPSHA. 

Series operation 

Series operation is used when a single pump cannot develop the total TDH required. It is also used when 

a low NPSHR is used to feed a larger pump that requires an NPSHR that cannot be provided from an 

atmospheric tank or vessel operating at its bubble point. In series operation, the combined head is the 

sum of the individual-pump TDHs at the same flow. 

System head curves 

The system head curve is a graphical representation of TDH required to be furnished by the pump vs. the 

flow rate through the piping system. It consists of a constant (static) and an increasing (variable) 

portion. Fig. 4 illustrates an example of a typical system head curve. 

 

 

The constant portion represents the static head difference between the suction and the discharge at 

zero flow and is equal to 

................ (2) 

The variable portion represents the head required to overcome friction 

as a result of flow. It varies as the square of the flow and is equal to 

................ (3) 

Where 

pf1 = pressure drop resulting from friction in the suction piping 

pf2 = pressure drop resulting from friction in the discharge piping 

Pc = discharge flow-control-valve losses. 

Regulation of flow rate 

It is unusual for a system to require operation at a single fixed flow rate. 

A pump will deliver only the capacity that corresponds to the intersection 

of the TDH capacity and system head curves. To vary the capacity, 

one must change the shape of one or both curves. The head-

capacity-curve shape can be changed by altering the pump speed or 

impeller diameter. The system-head-curve shape can be changed by 

the use of a backpressure throttling valve (see Backpressure Valves in this page). 

The effects of operating at significantly reduced capacity may lead to: 

1. Operating at much less than the BEP 

2. Higher energy consumption per unit capacity 

3. High bearing loads 

Fig.—Head capacity curve for 

parallel and series pump 

operation. 

 

Fig. Example of a typical system 

head curve. 
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4. Temperature rise 

5. Internal circulation 

These results can be minimized with the use of a variable-speed driver or with the use of several parallel 

pumps for the total capacity and sequentially shutting down individual units as demand requires. 

Higher bearing loads will exist for any flow that departs from the BEP, especially for single-stage, single-

suction pumps. This can be anticipated by specifying certain types of heavy-duty and long-life bearings. 

If the temperature of the pumped fluid rises and the flow rate through the pump decreases, minimum-

flow recirculation can be used (see Minimum-Flow Recirculation Valve in this page). The manufacturer 

generally provides the minimum continuous required flow rate for any pump selection. Operating 

between the BEP and minimum required flow rate generally avoids all the problems discussed. 

Backpressure valves 

The difference between the TDH developed by the pump and the head required by the system head 

curve represents lost energy. Because most centrifugal pumps are driven by constant-speed electric 

motors, throttling is the only practical method of regulating capacity. The backpressure valve imposes a 

variable amount of loss on the system head curve. Closing the valve increases control losses and causes 

the system head curve to slope up more steeply to intersect the TDH capacity curve at the desired 

capacity. Opening the valve decreases the control losses and causes the system head curve to slope 

downward and intersect the TDH capacity curve at a higher capacity. With the valve completely open, 

the capacity is governed only by the intersection of the two curves. 

Minimum flow recirculation valve 

The recirculation valve prevents the buildup of excessive amounts of heat within the casing. A minimum-

flow recirculation valve should be installed if the pump piping system contains a backpressure valve that 

could close and result in less than the minimum continuous flow at which the pump can safely operate. 

A recirculation valve is often used in installations in which the pump piping contains an automatic 

shutdown discharge valve that could fail in the closed position, or a discharge block valve that can be 

inadvertently closed. The recirculation valve should be upstream of the first block valve or control valve 

downstream of the pump. On small pumps, an orifice is usually installed on the recirculation, which 

continuously recirculates a fixed flow of liquid back to the suction. A control valve costs more but will 

modulate the recirculation to assure only minimum flow and thus result in less energy loss. 

Changing performance 

The maximum head that a centrifugal pump can develop is determined by speed, impeller diameter, and 

number of stages. Thus, to change the head of a pump, one or more of these factors must be changed. 

Speed can be changed with different gears, belts, or pulleys, or by installing a variable-speed driver. The 

impeller diameter can be altered for large permanent changes. The number of impellers can be changed 

by replacing existing impellers with spacers or dummy impellers. 

Variable speed control 

Most motor-driven centrifugal pumps are operated at constant speed. A direct-current or variable-

frequency alternating-current motor control can maintain nearly the same pump efficiency over a larger 

speed range. Variable-speed control makes it possible to eliminate the backpressure throttling 

requirements to adjust system head. 

Fig.: Illustrates the head-capacity-curve relationship of a constant-speed and variable-speed pump. The 

pump is operating at 100% of its capacity, and the TDH is represented by Point 1 on the graph. If it 

becomes desirable to reduce the capacity to 80% of the rated capacity, the constant-speed-pump 

operation will move to Point 3. Point 3 requires 110% of the head and 92% of the BHP required at Point 

1, and thus, additional backpressure would be required to force the system curve to intersect the pump 

curve at this point. 
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A variable-speed driver could, in effect, find a TDH capacity curve that intersects the system curve at 

Point 2. Point 2 requires only 70% of the head and 73% of the power required at Point 1. Thus, at 80% 

capacity, the constant-speed pump would operate at Point 3 and the variable-speed pump at Point 2. 

The potential energy savings is represented by the difference between 92 and 73% of horsepower, or 

19%. 

Affinity laws 

The affinity laws are used to predict what effect speed or impeller-diameter changes have on 

centrifugal-pump performance. The laws are based on dimensional analysis of rotating machines that 

shows, for dynamically similar conditions, certain dimensionless parameters remain constant. These 

relationships apply to all types of centrifugal and axial machines. 

For a change in pump speed, the following changes in pump performance can be determined: 

................ (4) 

................ (5) 

................ (6) 

Where 

N1 = old speed 

N2 = new speed. 

For a change in diameter, the following performance changes can be 

determined: 

................ (7) 

................ (8) 

 ................ (9) 

Where 

D1 = old diameter 

D2 = new diameter. 

For a change in both diameter and speed, the following changes in pump 

performance can be determined: 

................ (10) 

................ (11) 

................ (12) 

Predictions for speed changes are fairly accurate throughout the range of speed changes. However, 

predictions for diameter changes tend to be accurate for diameter change of only ± 10% because 

changing the diameter also changes the relationship of the impeller to the pump casing. Thus, for a 10% 

increase in either diameter or speed, the flow will increase by 10%, TDH by 21%, and the BHP by 33%. 

The efficiency is assumed to be constant in all the previous calculations. Fig. 6 illustrates a graphic 

example of reduced operating parameters because of speed reducers. 

 

Pump priming 

Most centrifugal pumps have a flooded suction. The source is above the pump suction, and atmospheric 

pressure is sufficient to maintain fluid at the pump inlet at all times. Sometimes the pump must take 

suction from a source that is below the centerline of the pump. Atmospheric pressure alone will not 

always keep the suction flooded. Conventional centrifugal pumps are not self-priming. Thus, they are 

not capable of evacuating vapor from the casing so that fluid from the suction line can replace the vapor. 

Self-priming pumps are designed so that an adequate fluid volume for repriming is always retained 

within the pump casing, even if fluid drains back to the source. 

Fig.: Head/capacity-

curve comparison of 

constant- and variable-

speed pump. 
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Installation considerations 

A centrifugal pump is a piece of precision machinery that must not be subjected to external strains 

beyond those it was designed to encounter. It must be installed in the intended position, carefully 

aligned, and free from piping forces and moments. 

Foundations 

Generally, foundation design is not critical. Vibration in a centrifugal pump is minimal unless an engine 

driver is used. As a general rule of thumb, the foundation should be able to handle three times the 

weight of the pump, driver, and skid assembly. The manufacturer is the best source for determining the 

required foundation size. 

Piping design 

Poor piping design and installation is a common cause of poor centrifugal-pump performance or failure. 

Poor piping can result in: 

 Cavitation 

 Performance dropout 

 Impeller failure 

 Bearing and mechanical seal failures 

 Cracked casings 

 Leaks 

 Spills 

 Suction piping 

 Suction piping is more important than discharge piping. 

Fluid source inlet 

When the fluid source is above the pump (static head), the source vessel should contain a weir to 

minimize turbulence, a vortex breaker to eliminate vortexing and vapor entrainment, and a nozzle sized 

to limit exit velocity to 7 ft/sec or, preferably, less. When the fluid source is below the pump (static lift), 

the sump, basin, or pit should be designed to provide even velocity distribution in the approach or 

around the suction inlet and should be sufficiently submerged to prevent vortexing. 

Pipe size and elimination of air pockets 

Piping should be at least one nominal pipe size larger than the pump suction flange. Velocities should be 

less than 2 to 3 ft/sec, and the head loss as a result of friction should be less than 1 ft per 100 ft of 

equivalent piping length. Suction lines should be short and free of all unnecessary turns. For flooded 

suctions, piping should be continuously sloping downward to the pump suction so that any vapor 

pockets can migrate back to the source vessel. For static lifts, the piping should be continuously sloping 

upward with no air pockets (install gate valves in horizontal position). Where air pockets cannot be 

avoided, the use of automatic vent valves is recommended. 

Upstream elbow considerations 

When making upstream orientation changes, only long-radius elbows should be used. They should not 

be connected directly to the pump suction flange, and a minimum of at least two to five pipe diameters 

of straight pipe should be between the suction flange and the elbow and between successive elbows. 

This reduces swirl and turbulence before the fluid reaches the pump. Otherwise, separation of the 

leading edges may occur, with consequent noisy operation and cavitation damage. 

Basket strainers 

Conditions may dictate that permanent strainers be installed in the suction piping. If permanent 

strainers are not required, temporary cone-type strainers should be installed at least for initial startups. 

Basket strainers should have at least 150% flow-area screens. 

Eccentric reducers 
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Reducers are required when making a transition 

from one pipe size to another and in going from 

the suction-pipe size to the pump flange. 

Reduction at the pump should be limited to one 

nominal size change (e.g., 8 to 6 in.). If two or 

more nominal pipe size reductions are required, 

it is best to locate any remaining changes several 

pipe diameters away from the pump inlet. 

Eccentric reducers should be used, if possible, 

and should be installed with the flat side up. 

Concentric reducers should not be used for 

horizontal suction lines because they could trap vapor that can be pulled into the pump and cause 

cavitation or vapor lock. Concentric reducers can be used for vertical suction lines and horizontal lines 

with flooded suction. 

Discharge piping 

Minimum Flow Bypass. The minimum-flo  pass o  e i ulatio  p ote ts the pu p f o  
tempe atu e uildup he  the pu pi g ates a e lo . The  should e desig ed to ha dle the pu p’s 
minimum flow capacity at minimum discharge pressure with a line restrictor to adjust flow. Small pumps 

are usually controlled by an orifice or choke tube. For large pumps in which a continuous bypass would 

consume excessive power, a control valve actuated (opened) by low flow is used. 

Check valves 

Check valves are essential to minimize backflow, which can damage the pump. Selection should take 

into account the effect of water hammer. Water hammer is the transient change in static line pressure 

as a result of a sudden change in flow. Items that can start the sudden change in flow include the 

starting or stopping of a pump or the opening or closing of a check valve. 

Slow-closing check valves are acceptable on systems with a single pump and long lengths of pipe. Fast-

closing check valves are required with multiple pumps operating in parallel and at high heads. As a 

ge e al guideli e, lift s i g  he k al es a e slo  unless they are spring loaded. Tilting-disk check 

valves are fast closing but are more expensive and have a higher pressure drop than swing check valves. 

When fast-reacting check valves are required, pressure-drop considerations should be secondary. 

 

Reciprocating pumps 

 

  (1) According to the water being in contact with one side or 

both sides of the piston 

          (a)Single acting pump 

          (b)Double acting pump 

(2) According to no. of cylinder. 

            (a) Single cylinder pump 

            (b) Double cylinder pump 

             (c)Triple cylinder pump. 

Principle of working of a reciprocating pump 

In reciprocating pumps the mechanical action causes the fluid 

to move using one or more oscillating pistons, plungers etc. 

                 It requires a system of suction and discharge valves to ensure that the fluid moves in a positive 

direction. 

Working of a reciprocating pump 

 Reciprocating Pump: Reciprocating pumps are those which cause the fluid to move using one or more 

oscillating pistons, plungers or membranes (diaphragms).The simplest practical application of this 

Fig.:  Reciprocating Pump  
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principle is seen in the hand-operated reciprocating pump, a simplified version of which is illustrated in 

Figure. 

            Here the inlet and outlet ports in the cylinder, or pump body, are both in the same side of the 

piston. The piston makes a close sliding fit within the cylinder, reducing leakage to a minimum, since 

excessive leakage destroys the efficiency of a pump. Both the inlet and outlet ports are equipped with 

check valves which permit the liquid to flow in one direction only, as shown by the arrows. 

   Assume that the intake side of the pump is connected to a supply of liquid. When we move the piston 

to the right, lower pressure is created in the chamber formed by the piston. Higher pressure on the fluid 

outside the chamber forces fluid in through the inlet port and fills the chamber. Moving the handle 

forward in the opposite direction forces the fluid out. A check valve at the inlet port prevents flow there 

and, since the fluid must find an outlet somewhere, it is forced out through the discharge port. The 

check valve at the discharge port prevents the entrance of fluid into the pump on the subsequent 

suction stroke. The back-and-forth movement of the piston in the pump is referred to as reciprocating 

motion and this type of pump is generally known as a reciprocating-type piston pump. 

                   It may have a single piston or be multi-pistoned. It may be hand-actuated or power- driven. 

The reciprocating piston principle is conceded to be the most effective for developing high fluid 

pressures. 

 

When Re is between 1000 & 105 

= 0.5  

When Re> 105 

= 0.2  

Drag on a cylinder  

When a cylinder is placed in a fluid such that its length is 

perpendicular to the direction of flow, the drag force (FD depeds upo 

the Re old’s ue  Re) of the flow. From experiments, it has been 

observed that   

When Re < 1, FD is directly proportional to the velocity & hence CD is 

inversely proportional to Re.  

With i ease of Re old’s ue  f o to, CD decreases & reaches a 

minimum value of  

0.95 At Re = 2000.   

With further increase of Re from 2000 to 3 × 104, CD increases & attains a maximum value of 1.2 at Re = 3 

× 104.  

When Re is increased from 3 × 104 to 3 × 105, CD further decreases. At 3 × 105, CD = 0.3.  

If Re is increased beyond 3 × 106, CD increases & it becomes equal to 0.7 in the end. 

 

Magnus effect 

The Magnus effect is an observable phenomenon that is commonly associated with a spinning object 

that drags air faster around one side, creating a difference in pressure that moves it in the direction of 

the lower pressure side. 

The Magnus effect often occurs when a spinning sphere (or cylinder) curves away from its principal flight  

This phenomenon is important in the study of the physics of many ball sports. It is also an important 

factor in the study of the effects of spinning on guided missiles—and has some engineering uses, for 

instance in the 

The Magnus effect, depicted with a back spinning cylinder or ball in an airstream. The arrow represents 

the resulting lifting force. The curly flow lines represent a turbulent wake. The design of rotor ships and 

Flatter aero planes. 

Fig.: Magnus Effect 
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In terms of ball games, topspin is defined as spin about an axis perpendicular to the direction of travel, 

where the top surface of the ball is moving forward with the spin. Under the Magnus effect, topspin 

produces a downward swerve of a moving ball, greater than would be produced by gravity alone, and 

backspin has the opposite effect.[1] Likewise side-spin causes swerve to either side as seen during some 

baseball pitches, e.g. slider.[2] The overall behavior is similar to that around an aero foil (see lift force), 

but with a circulation generated by mechanical rotation rather than airfoil action.[3] 

The Magnus effect is named after Heinrich Gustav Magnus, the German physicist who investigated it. 

The force on a rotating cylinder is known as Kutta–Joukowski lift, [4] after Martin Wilhelm Kutta and 

Nikolai Zhukovsky (or Joukowski), who first 

Physics 

Airflow has been deflected in the direction of spin. 

Magnus effect. While the pipe rotates, as a consequence of the friction, it pulls the air around. This 

makes the air flowing with higher speed on one side of the pipe and with lower speed on the other side. 

An intuitive understanding of the phenomenon comes from Newton's third law, that the deflective force 

on the body is a reaction to the deflection that the body imposes on the air-flow. The body "pushes" the 

air in one direction, and the air pushes the body in the other direction. In particular, a lifting force is 

accompanied by a downward deflection of the air-flow. It is an angular deflection in the fluid flow, aft of 

the body. 

Lyman Briggsmade a wind tunnel study of the Magnus effect on baseballs, and others have produced 

images of the effect. The studies show a turbulent wake behind the spinning ball which causes 

aerodynamic drag, plus there is a noticeable angular deflection in the wake and this deflection is in the 

direction of the spin. 

The process by which a turbulent wake develops aft of a body in an air- flow is complex but well-studied 

in aerodynamics. It is found that the thin boundary layer detaches itself ("flow separation") from the 

body at some point and this is where the wake begins to develop. The boundary layer itself may be 

turbulent or not; this has a significant effect on the wake formation. Quite small variations in the surface 

conditions of the body can influence the onset of wake formation and thereby have a marked effect on 

the downstream flow pattern. The influence of the body's rotation is of this kind. 

It is said that Magnus himself wrongly postulated a theoretical effect with laminar flow due to skin 

friction and viscosity as the cause of the Magnus effect. Such effects are physically possible but slight in 

comparison to what is produced in the Magnus effect proper.[5] In some circumstances the causes of the 

Magnus effect can produce a deflection opposite to that of the Magnus effect.[8] 

The diagram at the head of this article shows lift being produced on a back-spinning ball. The wake and 

trailing air- flow have been deflected downwards. The boundary layer motion is more violent at the 

underside of the ball where the spinning movement of the ball's surface is forward and reinforces the 

effect of the ball's translational movement. The boundary layer generates wake turbulence after a short 

interval. 

On a cylinder, the force due to rotation is known as Kutta–Joukowski lift. It can be analysed in terms of 

the vortex produced by rotation. The lift on the cylinder per unit length, F
L, is the product of the velocity, 

 i  et es pe  se o d , the de sit  of the fluid,  i  kg/ 3), and the strength of the vortex that is 

established by the rotation, G:[4] 

 
Where the vortex strength is given by 

 
Where s is the rotation of the li de  i  e olutio s pe  se o d , ω is the a gula  elo it  of spi  of the 
cylinder (in radians / second) and r is the radius of the cylinder (in metres). 

Applying this same relationship to a sphere, results in the following vector equation for the Magnus 

force on a ball: 
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because the force is mutually perpendicular to the velocity and the axis of rotation. 

History:- 

German physicist, Magnus, described the effect in 1852.[9][10] However, in 1672, Isaac Newton had 

described it and correctly inferred the cause after observing tennis players in his Cambridge 

college.[11][12] In 1742, Benjamin Robins, a British mathematician, ballistics researcher, and military 

engineer, explained deviations in the trajectories of musket balls in terms of the Magnus 

effect.[13][14][15][16] 

In sports:- 

The Magnus effect explains commonly observed deviations from the typical trajectories or paths of 

spinning balls in sport, notably association football, table tennis, tennis,[17] volleyball, golf, baseball,  

Cricket and in paintball. 

The curved path of a golf ball known as slice or hook is due largely to the ball's spinning motion (about 

its vertical axis) and the Magnus effect, causing a horizontal force that moves the ball from a straight line 

in its trajectory.[18]:§ 4.5 Backspin (upper surface rotating backwards from the direction of movement) on 

a golf ball causes a vertical force that counteracts the force of gravity slightly, and enables the ball to 

remain airborne a little longer than it would were the ball not spinning: this allows the ball to travel 

farther than a ball not spinning about its horizontal axis. 

Roberto Carlos' bending free kick for Brazil against France in 1997 was struck with the outside of his left 

foot. 

In table tennis, the Magnus effect is easily observed, because of the small mass and low density of the 

ball. An experienced player can place a wide variety of spins on the ball. Table tennis rackets usually 

have a surface made of rubber to give the racket maximum grip on 

the ball to impart a spin. 

The Magnus effect is not responsible for the movement of the cricket 

ball seen in swing bowling, although it does contribute to the motion 

known as drift and dip in spin bowling. 

In airsoft, a system known as hop-up is used to create a backspin on a 

fired BB, which greatly increases its range, using the Magnus effect in 

a similar manner as in golf. 

In paintball, Tippmann Flat line Barrel System also takes advantage of 

the Magnus effect by imparting a backspin on the paintballs, which 

increases their effective range by counteracting gravity. 

In baseball, pitchers often impart different spins on the ball, causing it to curve in the desired direction 

due to the Magnus effect. The PITCH f/x system measures the change in trajectory caused by Magnus in 

all pitches thrown in Major League Baseball. 

The match ball for the 2010 FIFA World Cup has been criticized for the different Magnus effect from 

previous match balls. The ball was described as having less Magnus effect and as a result flies farther but 

with less controllable swerve. 

In external ballistics The Magnus effect can also be found in advanced external ballistics. First, a spinning 

bullet in flight is often subject to a crosswind, which can be simplified as blowing from either the left or 

the right. In addition to this, even in completely calm air a bullet experiences a small sideways wind 

component due to its yawing motion. This yawing motion along the bullet's flight path means that the 

nose of the bullet points in a slightly different direction from the direction the bullet travels. In other 

words, the bullet "skids" sideways at any given moment, and thus experiences a small sideways wind 

component in addition to any crosswind component. 

 

The combined sideways wind component of these two effects causes a Magnus force to act on the 

bullet, which is perpendicular both to the direction the bullet is pointing and the combined sideways 

Fig.: paintball 
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wind. In a very simple case where we ignore various complicating factors, the Magnus force from the 

crosswind would cause an upward or downward force to act on the spinning bullet (depending on the 

left or right wind and rotation), causing an observable deflection in the bullet's flight path up or down, 

thus changing the point of impact. 

 

Overall, the effect of the Magnus force on a bullet's flight path itself is usually insignificant compared to 

other forces such as aerodynamic drag. However, it greatly affects the bullet's stability, which in turn 

affects the amount of drag, how the bullet behaves upon impact, and many other factors. The stability 

of the bullet is affected, because the Magnus effect acts on the bullet's centre of pressure instead of its 

centre of gravity. This means that it affects the yaw angle of the bullet; it tends to twist the bullet along 

its flight path, either towards the axis of flight (decreasing the yaw thus stabilizing the bullet) or away 

from the axis of flight (increasing the yaw thus destabilizing the bullet). The critical factor is the location 

of the centre of pressure, which depends on the flow field structure, which in turn depends mainly on 

the bullet's speed (supersonic or subsonic), but also the shape, air density and surface features. If the 

centre of pressure is ahead of the centre of gravity, the effect is destabilizing; if the centre of pressure is 

behind the centre of gravity, the effect is stabilizing. In flying machines 

Some flying machines have been built that use the Magnus effect to create lift with a rotating cylinder at 

the front of a wing, allowing flight at lower horizontal speeds.[4] The earliest attempt to use the Magnus 

effect for a heavier-than-air aircraft was in 1910 by a US member of Congress, Butler Ames of 

Massachusetts. The next attempt was in the early 1930s by three inventors in New York state.[23] 

 

Ship propulsion and stabilization 

Rotor ships use mast-like cylinders for propulsion. The effect is used in a special type of ship stabilizer 

consisting of a rotating cylinder mounted beneath the waterline and emerging laterally. By controlling 

the direction and speed of rotation, strong lift or down force can be generated.[ The largest deployment 

of the system to date is in the motor yacht Eclipse. 
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