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Introduction

The transportation and storage of fluids is essential to a chemical process plant. Piping, valves, pumps and compressors comprise the
major components of fluid handling equipment. The goal of process hydraulics in a design setting is to overcome frictional losses in
piping and equipment, provide correct operating conditions, and overall assist in the controls of the plant. All three objectives must be
designed in concert, and before the final controls system is designed (Towler and Sinnott, 2012).

Hydraulic systems & Pressure drop

Overall pressure drops created by pumps and compressors must also include those created by the connecting pipes. These components
must be designed in concert, to account for changes in elevation and friction losses in the pipe.

Total Pressure Drop
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Pressure drops throughout the flow of a fluid can be summed to find the overall pressure drop of a defined system. For example: If a
fluid A, initially at zero gauge pressure, is pumped to a pressure of 300 kPa, then flows through 10 meters of pipe resulting in a loss of
50 kPa, the final gauge pressure at the end of the pipe is 250 kPa. This type of analysis is useful when designing pressure systems over
many components.

Pressure Drop in Pipes

When designing pumps and compressors, the loss of pressure due to piping is not negligible, and must be appropriately accounted for
(Turton et al., 2003). The  across a pipe is calculated as follows:

where , is the specific coefficient (typically 0.005 for turbulent flows)  is the length of piping,  is the diameter of piping, 
is the density of the fluid, and  is the velocity of the fluid.

An added term accounting for the pressure difference due to height is also necessary if there is a change in elevation.

Additionally, the first term in the equation can be altered to include an additional factor:

where  is an empirical value to account for piping bends, restrictions, and other variables.

Heuristics

Both the process hydraulics and the economics of a system is affected by pipe sizing (Peters and Timmerhaus, 2003). Heuristics, or
"Rules-of-thumbs" have been developed to assist in optimizing pipe selection. While more detailed optimization techniques are
available and commonly used, the rules of thumb provide a good starting point for pipe selection.

Suggested pipe velocities, in ft/s, for gases, liquids, and super-heated steam are approximately 60-100, 6, and 150, respectively
(Towler and Sinnott, 2012). Additionally, for liquid flow, the following equation provides a rule-of-thumb for optimal pipe diameter, in
inches:

Where D is the optimal diameter, and Flow is in units of gallons/minute.

Pumps & Compressors

Pumps and Compressors are used to pressurize liquids and gases, respectively, and to transfer them from one location to another. In
general, it is preferable to increase the pressure of a stream by pumping a liquid rather than compressing a gas because it is far less
expensive. This is because the power needed to increase the pressure of a stream is:

where V is the volumetric flow rate. Generally, the volumetric flow rate of a liquid is approximately two orders of magnitude less than
the volumetric flow rate of a gas, which means a 10hp pump is comparable in fluid pressurizing capacity to a 1000hp compressor.
(Seider et al., 2004).

Pumps

As stated above, pumps require relatively little power compared to gas compressors. However, they are easily vapor locked when
pumping liquids near the bubble point because small amounts of vapor can become trapped within their rotating blades. Pumps
increase the pressure energy of the effluent fluid by the transfer of kinetic energy from the motor to the fluid, through the impeller
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(Seider et al., 2004). Selection of pumps for specific services requires knowledge of the liquid to be handled, the total dynamic head
required, the suction and discharge heads, and in most cases, the temperature, viscosity, vapor pressure, and density of the fluid. The
different types of pumps used in industry can be classified as centrifugal pumps, positive displacement pumps, jet pumps, and
electromagnetic pumps (Peters and Timmerhaus, 2003).

Centrifugal Pumps

This type of pumps is the most widely used in industry. They range in capacity from .5 to 20,000 meters cubed per hour. In the
centrifugal pump, the fluid enters the pump are the center of a rotating impeller, where it is thrown outward by centrifugal force. The
fluid at the edge of the impeller gains a high kinetic energy, which is then converted into pressure energy, which supplies the pressure
difference between the suction side and the delivery side of the pump (Peters and Timmerhaus, 2003).

Figure 1: Example Centrifugal Pump (Enggcyclopedia.com)

Positive Displacement Pumps

In positive displacement pumps, a fixed volume is alternately filled and emptied of the pump fluid by action of the pump. In general,
overall efficiencies of positive displacement pumps are higher than those of centrifugal pumps because internal losses are minimized.
However, the range of capacities that these pumps can handle is somewhat limited. There are two classes of positive displacement
pump, reciprocating and rotary. Reciprocating pumps use valves that are operated by pressure difference to introduce and discharge the
liquid being pumped. They generally can deliver fluids with high efficiency against high pressure. In rotary pumps, two intermeshing
gears are fitted into a casing. Fluids becomes trapped between the teeth of the gears and is transported to the discharge side of the
pump (Peters and Timmerhaus, 2003).

Figure 2: Example Positive Displacement Pump (Marineengineeringonline.com)

Jet Pumps

Jet pumps use the momentum of one fluid to transport the desired fluid. Efficiency of jet pumps is generally low, and these are mainly
useful for situations in which the head to be attained is low and less than the head of the fluid used from pumping (Peters and
Timmerhaus, 2003).

Electromagnetic Pumps

Electromagnetic pumps use the principle that a conductor in a magnetic field, carrying a current that flows at right angles to the field,
has a force exerted on it. These pumps are used to move fluids that exhibit electromagnetic properties (Peters and Timmerhaus, 2003).

https://processdesign.mccormick.northwestern.edu/index.php/File:Centrifugal_pump.jpg
https://processdesign.mccormick.northwestern.edu/index.php/File:Reciprocating_piston_pump.jpg
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Compressors

Gas compressors are designed to increase the pressure of gases. Even small amounts of liquids can cause significant amounts of
degradation to the compressor blades, so most compressors are designed to avoid condensation. Like pumps, the feed enters the eye of
the impeller unit. Compressors are generally much larger than pumps, and they are well insulated to facilitate operation on light gases.
To avoid excessively high temperatures, individual compressors are designed to operate at small compressor ratios , typically
less than 5. If the compression ratio is greater than 5, multistage compressors are used. (Seider et al., 2004). Compressors are generally
classified into two major categories; continuous flow compressors and positive displacement compressors.

Continuous Flow Compressors

Centrifugal and Axial Compressors are the two main types of continuous flow compressors. Centrifugal compressors are used for
higher pressure ratios and lower flow rates, while axial compressors are used for lower stage pressure ratios and high flow rates. The
pressure ratio of a single stage centrifugal compressor is roughly 1.2:1, while the pressure ratio of axial flow compressors is between
1.05:1 and 1.15:1. Because of the low pressure ratios for each stage, a single compressor may include a number of stages in one casing
to achieve the desired overall pressure ratio (Peters and Timmerhaus, 2003).

Figure 3: Example Continuous Flow Compressor (Spakovszky)

Positive Displacement Compressors

These units are essentially volume gas movers with variable discharge pressures. They operate in much the same way as positive
displacement pumps (Peters and Timmerhaus, 2003).

Economics of Pumps and Compressors

Pumps are relatively cheap in terms of processing equipment. In 1997 dollars, they would cost between $390 and $1500 base cost
multiplied by a ~2.38 (because pumps usually cost much less than $200,000) factor for the installation costs. Therefore their total
installed costs today is $1000-$3500 multiplied by some time correction factor to account for inflation. For this reason it is typically
preferable to condense a vapor to liquid, pump up the liquid, then evaporate the liquid, rather than compress a gas (Biegler et al.,
1997).

Compressors are one of the most expensive pieces of process equipment. In 1997 dollars they cost about $23,000 as a base cost
multiplied by a ~3.11 (because compressors are typically less than $200,000) factor to account for installation costs. Therefore their
total installed cost today is ~$71,500 multiplied by a correction factor to account for the inflation over time; nearly 70 times as
expensive as a pump! For this reason in industry compressing a gas within your process is avoided if at all possible (Biegler et al.,
1997).

Valves

A valve is a mechanical tool used to control the flow of material in a system by blocking or restricting the materials flow path;
typically used on piping. Valves serve many purposes including but not limited to: beginning or quenching the flow of a material
through a system, regulating the flow rate of the material traveling through a system, regulating the pressure of a material flowing
through a system, prevent back-flow of a material and changing the flow direction at intersection points. Any valve in a piping system
will cause a pressure drop. As a rule of thumb, 10 psi change in pressure should be accounted for across each valve when designing a
plant (Towler and Sinnott, 2012).

More specifically, the table below gives the pressure drop of different types of valves in the number of velocity heads lost.

https://processdesign.mccormick.northwestern.edu/index.php/File:Compressor.jpg
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Table 1: Pressure Drops Across Valves (Cole, 2013).

Valve or Fitting Type No. Velocity Heads, n Valve or Fitting Type No. Velocity Heads, n
45 degree ell, standard 0.35 Globe valve, bevel seat, open 6
90 degree ell, standard 0.75 Globe valve, bevel seat, ½ open 9.5
180 degree bend, close return 1.5 Globe valve, plug disk, open 9
Tee, along run, branch blanked off 0.4 Globe valve, plug disk, ¾ open 13
Tee, entering run or entering branch 1 Globe valve, plug disk, ½ open 36
Tee, branching flow 1 Globe valve, plug disk, ¼ open 112
Gate valve, open 0.17 Plug valve, 5 degrees open 0.05
Gate valve, ¾ open 0.9 Plug valve, 20 degrees open 1.56
Gate valve, ½ open 4.5 Plug valve, 40 degrees open 17.3
Gate valve, ¼ open 24 Plug valve, 60 degrees open 206
Check valve, swing 2 Pipe union 0.04

Gate Valve

A gate valve is comprised of a wedge that slides up and down perpendicular to the path of fluid flow on screw type mechanism, which
spins in opposite directions to open/close the valve, in order to allow and block fluid flow respectively. This type of valve is an
ON/OFF valve and therefore should either be operated fully open or fully closed. Operating partially open can degrade the seal on the
valve. The fluid path is straight through the valve and therefore minimal pressure drop results (Towler and Sinnott, 2012).

Figure 1. Gate Valve Example (Cole, 2013).

Ball Valve

A ball valve is another type of ON/OFF valve that only operates fully opened or closed with the flow path straight through the valve.
However, these valves only require a quarter turn to open or close the valve and therefore can quench flow much faster than a gate
valve. Rather than blocking flow with a wedge, a ball valve turns so that the opening aligns with the pipe to allow flow or pipe wall to
block flow (Towler and Sinnott, 2012).

https://processdesign.mccormick.northwestern.edu/index.php/File:Example.jpg
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Figure 2. Ball Valve Example (Cole,
2013).

Butterfly Valve

A butterfly valve also requires only a quarter turn to switch between the open and closed position. A flat plate switches positions
between being parallel or perpendicular to flow in order to allow or prevent flow through the valve respectively. This valve does not
seal well on its own and, unaided, can be pushed open by fluid flow, therefore extra materials are required for complete shutdown of
flow (Towler and Sinnott, 2012).

Figure 3. Butterfly Valve Example (Cole,
2013).

Plug Valve

A plug valve is very similar to a ball valve, except it is used in situations in which a better seal is needed. The valve uses plug
stationed in lubricated lining to provide the seal and once again a quarter turn will open/close the valve by aligning the hole within the
plug to the pipe/wall respectively. There is an upper limit to the temperature a which a plug valve can be used, ~450 F, because after
this point heat expansion differences of the liner and plug ruins the seal (Towler and Sinnott, 2012).

https://processdesign.mccormick.northwestern.edu/index.php/File:Example3.jpg
https://processdesign.mccormick.northwestern.edu/index.php/File:Example4.jpg
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Figure 4. Plug Valve Example (Cole,
2013).

Globe Valve

A globe valve is a type of throttling valve, controlling the fluid flow rate, in which the height of a disk is adjusted between two vertical
plates. The gap between the disk and the second vertical plate, known as the seat, can be adjusted to regulate flow rate, however, the
valve should not be run at very slow flow rates (<10% open) because the flowing fluid will cause damage to the seat. The two vertical
directional changes of the fluid flow path cause greater pressure drops across these valves. This type of valve can be adjusted
automatically (using a machine program) or manually by a worker (Towler and Sinnott, 2012).

Figure 5. Globe Valve Example (Cole,
2013).

Needle Valve

A needle valve is much like a globe valve, however, a stem with a conical head is used to control the flow rate. The conical head
provides a more accurate and precise flow rate control. Additionally, the conical head does not have problems at low flow rates as the
flat disk of a globe valve exhibits (Towler and Sinnott, 2012).

https://processdesign.mccormick.northwestern.edu/index.php/File:Example5.jpg
https://processdesign.mccormick.northwestern.edu/index.php/File:Example6.jpg
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Figure 6. Needle Valve Example (Cole,
2013).

Control Valve

Control valves are a classification of automatic globe valves. These valves use an electric actuator or some type of compressed air
system to adjust the flow rate through the valve via signaling from an electric control program (Towler and Sinnott, 2012).

Figure 7. Control Valve Example (Cole,
2013).

Check Valve

Check valves are valves that are used to control the flow direction within the pipe (i.e. prevent back-flow). The three main types are
swing valves, lift valves and wafer valves (respectively below). Swing valves push a swinging mechanism forward to allow forward
flow, but is blocked in the other direction because the weight of the disc holds itself in place. These valves are most common in
industry. These valves are not good when flow rate pulsates or is very high, nor if the fluid is a slurry or a gas. Lift valves use vertical
plates, as in a throttling valve, to divert flow in an upward direction to lift a move-able piece that is otherwise held in place by gravity
preventing reverse flow. Wafer valves use a circular wafer that can only twist in one direction so that forward flow in the pipe spins the
wafer to align with the fluid flow and move forward, however, in the reverse direction the hinge is blocked so the wafer can not spin
allow flow. These valves require a smaller pressure drop to open and are generally cheaper however they must be used in a very strict
flow rate range (~3-11 ft/s) (Towler and Sinnott, 2012).

https://processdesign.mccormick.northwestern.edu/index.php/File:Example7.jpg
https://processdesign.mccormick.northwestern.edu/index.php/File:Example8.png
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Figure 8. Swing Check
Valve Example (Cole,
2013). Figure 9. Lift Check Valve Example (Cole, 2013). Figure 10. Wafer Check Valve Example (Cole,

2013).

Conclusion

The transportation and storage of fluids is a key variable in the design and optimization of a chemical process facility. The major
components involved in this step of process design are the piping, valves, pumps and compressors. Process hydraulics design aims to
overcome frictional losses in piping and equipment, provide correct operating conditions, and overall assist in the controls of the plant.
These three objectives must be designed in concert, as together they effect many variables within both the chemistry, engineering, and
economics of the plant.
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