Flow  in Pipes 

The concept of energy is important in pipe flow. In pipe flow there are three energy components:


•
Energy due to motion (Kinetic Energy)

•
Energy due to elevation (Gravitational Potential Energy)

•
Energy due to pressure 

The energy can be transformed from one form to the other, or it can be used to perform work.  The total energy at any point in piped system is given by


Total Energy = Kinetic Energy + Potential Energy + Pressure Energy
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Where
H = 
Total energy



v = 
Flow velocity



P =
Pressure



z = 
Elevation above some fixed level



g =
Acceleration due to gravity (9.81 m/s2; 32.2 ft/s2)



 =
Density of water (1 g/cm3; 62.4 lb/ft3)

This equation is known as Bernoulli's Equation.

Pressure is measured relative to atmospheric pressure, that is, atmospheric pressure is assumed to be zero. A positive pressure indicates a pressure greater than atmospheric while a negative pressure denotes a pressure less than atmospheric. Pressure is important in pipes. The pipe material must be able to withstand the pressure that the water exerts on it. There are conditions that can cause dramatic increases in the water pressure. Pipes must be able to withstand these high instantaneous pressures.  For example, the aluminum tubing used for irrigation are mainly 'Class 150' pipes. While the normal operating pressure does not exceed 145 psi, these pipes must be able to withstand a pressure of 450 psi for 2 minutes without leaking. 

Based on the Law of Conservation of Energy, the state of flow can be determined at any point in a pipe system.
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hL is the loss in energy in moving from Point 1 to Point 2.  The energy loss is the work done in overcoming friction in the pipe. It may also be due to energy loss in valves and fittings, or from turbulence in changing from one pipe size to another. 

Pressure

Pressure is normally expressed in terms of force per unit area (e.g. pounds per square inch, psi). However, pressure may also be expressed in terms of a height or head of water. Applying a pressure of 1 psi to a surface is the same as having a 2.31 ft column of water resting on top of that surface. Thus




1 foot head = 0.433 psi




1 psi = 2.31 feet of head




1 meter head = 0.1 kg/cm2




1 kg/cm2  = 10 meters of head

The ability to express pressure in terms of head makes it easy to convert from one type of energy to another. 

Example

Determine the static (the water is not moving) pressure at each of the hydrants shown below. Would the dynamic pressures be less or more?
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For a given flow at a given level, a decrease in the pipe diameter results in an increase in velocity. This increase results in a decrease in pressure, based on the Law of Conservation of Energy. The equation also indicates that the velocity cannot be increased indefinitely by decreasing the pipe size. After the pressure reaches to absolute zero, any decrease in flow causes the flow rate to decrease. 

In water, difficulties arise when the pressure becomes less than atmospheric, At low pressures, the water vaporizes, forming pockets of water vapor in the pipe which are carried along with the water. If these pockets are transported to another location where the pressure is greater, or if the pressure at the location where the pockets are formed is increased, the pockets collapse suddenly. Water then rushes in to fill the cavities left by the collapsed bubble. The forces exerted by the water rushing in can cause extremely high localized pressures that can lead to erosion of the pipe of disturbance of the flow. The whole process is known as cavitation and is especially important in pumps.

Water Hammer

A water hammer is a surging of pressure that occurs when the flow of water in a pipe is reduced or stopped in an abrupt manner. The most recognizable sign that a water hammer occurs is a loud banging in the pipes, as if they are being hit with a hammer. The pipes also tend to vibrate. Water hammers can rupture pipes or damage fittings.  The energy equation can be used to show why water hammers occur.
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In sprinkler irrigation systems, water hammers are usually causes by

1.
Valve closure

2.
Uncontrolled flow velocities in empty pipes

3.
Trapped air in long runs of pipe

4.
Reverse flow when pumps stop

Plastic pipe systems are particularly susceptible to water hammer damage. While it is impossible to eliminate water hammers, there are several strategies for minimizing their effects. 

•
Use slightly oversized valves, valves designed to minimize pressure surging, or both

•
For residential or small commercial systems use pipes that are rated at least twice the design static pressure, and limit the velocities to 9 ft/s or less.

•
For golf courses, cemeteries, parks or large commercial systems use pipes that are rated at least one and a half times the design static pressure, and limit the velocities to 5 ft/s or less.

•
Install automatic air release values at high points in pipe lines. 

•
Use silent check valves instead of conventional check valves. Silent check valves close while the water is still flowing forward and prevents reverse flow.

•
Use water hammer arresters. These are devices that use the energy from the pressure wave to compress air.  The most inexpensive water hammer arrester is a vertical pipe, slightly larger than the supply line, with a pressure release valve at the upper end. The pressure release valve should be set at a pressure less than the bursting strength of the supply line, but more than the operating pressure of the pipe system. 

Calculating Friction Loss

The Energy Equation expresses the relationship between the energy at two points in a pipe network. This equation is given by
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In other words, the energy at point 2 is the energy at point 1 minus the energy lost in moving from point 1 to point 2. The energy that is lost is the amount of work that is done in overcoming the friction in the pipes and fittings between the two points. The objective of any piped system is to add enough energy to the system so that the most hydraulically remote outlet will have enough energy to function properly. The amount of energy to be added depends on the amount of work that has to be done overcoming friction in the system. 

Minimum recommended water pressure for typical outlets
	Fixture
	Pressure (psi)

	Lavatory, sink or bathtub
	 10

	Shower
	12

	Tank toilet
	 15

	Flush-valve toilet
	 20

	Hose faucet
	 20

	Hose faucet for fire control
	 30

	Livestock waterer
	 15


Factors that influence the friction loss in a pipe

•
 The roughness of the inside of the pipe. For new pipes, roughness is dependent on the pipe material and the method of construction. As pipes get older they deteriorate and the roughness increases. The roughness values used in design in usually the roughness at the end of the life of the pipe. In pipes, roughness is represented by a roughness coefficient, C. The rougher the pipe, the smaller is the roughness coefficient. 

Roughness Coefficients for Various Types of Pipes

	Type of pipe
	Coefficient for New Pipe
	Design Value

	Asbestos-Cement
	150
	140

	Cast Iron plain
	130
	100

	Cast Iron, mortar lined
	140
	130

	Concrete
	120
	100

	Copper; Brass; Lead
	140
	130

	Steel, galvanized
	140
	100

	Thermoplastic, PVC
	160 - 150
	150

	Thermoplastic, PE
	160 - 150
	140

	Aluminum
	120
	120


•
The length of the pipe. Friction loss is directly proportional to the length of pipe. Thus, if the friction loss is calculated for a given length of pipe, then the friction loss for a pipe of the same size made of the same material would be twice the calculated value. 

•
The velocity of flow. The greater the velocity, the greater the drag forces, and consequently, the greater the friction loss.

•
The diameter of the pipe.  Pipes with smaller area of contact between the water and the pipe walls will have less friction loss. As with open channels, the  parameter that is used to get a handle on the contact area is the hydraulic radius. Recall, this is defined as the cross-sectional area divided by the wetted perimeter. Pipe flow is almost always in circular pipes. The hydraulic radius is given by 
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Thus the hydraulic radius in pipe flow is always half the radius of the pipe. Bigger pipes have greater hydraulic radii than smaller pipes and thus would have smaller friction losses.

All the variables that influence friction loss have been put together into an equation called the Hazen-Williams Formula. This is just one of several friction loss formulas.
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where the friction loss is in feet (ft),  flow rate is in gallons per minute (gpm), the pipe length is in feet (ft), and the pipe diameter is in inches (in). The friction loss can be converted to pounds per squared inch (psi), by multiplying the value in feet by 0.433

Food for thought : Why is friction loss more important in pipe flow than in open channel flow?

The diameter used in the Hazen-Williams Formula is not the nominal diameter of the pipe but the actual internal diameter of the pipe. The relationship between nominal diameter and actual internal diameter is given below for some common pipe sizes. 

	Nominal 

Size (in)
	 Actual Internal Diameter (in)

	
	 Steel
	Copper
	 Plastic

	0.50
	 0.622
	 0.545
	 0.622

	0.75
	 0.824
	 0.785
	 0.824

	 1.00
	 1.049
	 1.025
	 1.049

	1.25
	 1.380
	 1.265
	 1.380

	1.50
	 1.610
	 1.505
	 1.610

	 2.00
	 2.067
	 1.985
	 2.067

	2.50
	 2.469
	-
	 2.469

	 3.00
	 3.068
	-
	 3.216

	4.00
	 4.026
	-
	 4.134


Manufacturers usually supply tables with the friction loss for their pipes.

Pipe fittings, such as bends, elbows or valves, have complex flow patterns. Friction losses in these fittings are usually expressed in terms of the equivalent length of pipe that would have the same head loss. 

Friction Loss Equivalent Length (PVC) - feet of Straight Pipe (ft)
	Fitting
	Nominal Pipe Size (inches)

	
	1/2
	3/4
	1
	1 1/4
	1 1/2
	2
	2 1/2
	3
	4
	6
	8
	10
	12

	90o Elbow
	1.5
	2.0
	2.5
	3.8
	4.0
	5.7
	6.9
	7.9
	12.0
	18.0
	22.0
	26
	32

	45o Elbow
	0.8
	1.1
	1.4
	1.8
	2.1
	2.6
	3.1
	4.0
	5.1
	8.0
	10.6
	13.5
	15.5

	Gate valve
	0.3
	0.4
	0.6
	0.8
	1.0
	1.5
	2.0
	3.0
	
	
	
	
	

	Tee 
Flow - Run
	1.0
	1.4
	1.7
	2.3
	2.7
	4.3
	5.1
	6.2
	8.3
	12.5
	16.5
	17.5
	20.0

	Tee 
Flow - Branch
	4.0
	5.0
	6.0
	7.0
	8.0
	12.0
	15.0
	16.0
	22.0
	32.7
	49.0
	57.0
	67.0

	Male/
Female Adapter
	1.0
	1.5
	2.0
	2.8
	3.5
	4.5
	5.5
	6.5
	9.0
	14
	
	
	


Friction Loss in Pipes 

Example

1) A watering tank is located 3000' from a pump and pressure tank. A flow rate of 5 gpm is required at the watering tank, and a pressure loss of 10 psi is acceptable. Determine the best size of PVC pipe for the job.  

For 1" pipe :
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=  45.9' = 45.9 x 0.433 = 19.9 psi

For 1.25" pipe :
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=  12.2' = 12.2 x 0.433 = 5.3 psi

Use the 1.25' pipe.

Head Loss Conversions

If head loss is determined for one type of pipe material, the question often arises as to what the head loss would be if the pipe material was different. A good estimate can be obtained by using the ratio of the roughness coefficients. 
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 where  (hL)1 is the known head loss for material 1,  (hL)2 is an estimate of the head loss in material 2, and C1  and C2 are the roughness coefficients for materials 1 and 2, respectively. 

Example. A landscaper wishes to replace a given length of 1" Schedule 40 galvanized steel pipe (C=100), in which the head loss is 10 psi with an equal size Schedule 40 PVC pipe (C=150). What would be the net gain in head at the end of the new section of pipe. 


Head loss in PVC  
= Head loss in steel x (100/150)1.85





= 10 x (0.67)1.85  
= 10 x 0.472  = 4.7 psi


Gain in head 
= 10 - 4.7 

= 5.3 psi

Pipes in Series 

For pipes in series, the total head loss is the sum of the head loss in the component pipes. 
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Pipes in Parallel

Since each point in a pipe system can only have one value of total energy, the head loss between two points must be independent of the path traveled between the points. Therefore, the head loss in parallel pipes must be equal. The flow in each pipe will be adjusted so as to have equal head loss. 
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Pipes Networks

Flow rates  and head losses in complex pipe network can be estimated by applying the laws of Conservation of Energy and Conservation of Matter, at each node. The required calculations are best performed on digital computers, and should be left up to an engineer. 

[image: image15.emf]
Pipes with Multiple Outlets

In pipes with multiple outlets, such as irrigation laterals, the flow decreases downstream along the pipe. The head loss in the pipe is, therefore, less than if the pipe had one outlet. To determine the head loss, the head loss for a similar pipe with one outlet is multiplied by a correction factor, F.  Values of the correction factor for evenly spaced outlets are given below.

	No. of Sprinklers
	1st sprinkler one sprinkler interval from main
	 1st sprinkler one-half sprinkler interval from main

	1.00
	 1.00
	 1.00

	2.00
	 0.63
	 0.51

	 4.00
	 0.48
	 0.41

	 6.00
	 0.43
	 0.38


	8.00
	 0.41
	 0.37

	12.00
	 0.39
	 0.36

	16.00
	 0.38
	 0.36

	20.00
	 0.37
	 0.35

	30 or more
	 0.36
	 0.35
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