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Pumps

Centrifugal and Positive Displacement Pumps

Pumps are mechanical devices designed to transfer liquids from a location of low elevation or
low pressure to a higher elevation or higher pressure zone by converting mechanical energy
into hydraulic energy. Broadly categorized based on how they impart energy to the fluid, pumps
are divided into two primary classifications: Dynamic (or Kinetic) pumps and Positive
Displacement pumps.

Classification of Pumps
1. Dynamic or Kinetic Pumps

Dynamic pumps are types of pumps in which mechanical energy is continuously added to the
fluid, primarily to increase its velocity (kinetic energy). This high-velocity fluid is subsequently
directed into an expanding casing (volute) where the velocity decreases, successfully converting
kinetic energy into pressure energy.
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Centrifugal Pump

e Centrifugal Pumps: The most common dynamic pump, utilizing a rotating impeller to
fling fluid outward via centrifugal force.

e Jet Pumps: Pumps that use a high-pressure nozzle to create a high-velocity jet,
inducing suction to move surrounding fluid.

e Turbine Pumps: High-pressure pumps utilizing a specialized impeller with numerous
small vanes rotating in an annular channel to build fluid velocity and pressure.

2. Positive Displacement Pumps

Positive displacement pumps are types of pumps in which mechanical energy is continuously
added to the fluid by the direct application of force to a periodically enclosed volume. As the
internal volume decreases, it forces the fluid out of the discharge port, resulting in a direct
increase in its pressure. Unlike dynamic pumps, their flow rate is relatively constant regardless
of changes in discharge pressure.
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Reciprocating Pump

Reciprocating Pumps: Rely on a back-and-forth movement of a piston, plunger, or
plunger mechanism to draw fluid in and push it out through check valves.

Rotary Pumps: Use interlocking gears, screws, or lobes that rotate to trap a fixed
volume of fluid and move it from the suction side to the discharge side.

Diaphragm Pumps: Utilize a flexible membrane (diaphragm) that expands and
contracts to alter the volume of the pump chamber, drawing in and expelling fluid.

CENTRIFUGAL PUMPS

Centrifugal pumps are highly favored in industrial applications due to their operational efficiency
at high speeds, but they carry distinct operational characteristics that must be managed.

Advantages

Simple and Compact Design: Centrifugal pumps feature very few moving
parts—principally just the impeller and the shaft. This lack of complex internal
mechanisms reduces their physical footprint, making them highly space-efficient and
cost-effective to manufacture.

Easy to Maintain: Because of their mechanical simplicity and the absence of complex
reciprocating linkages or internal valves, routine maintenance, parts replacement, and
troubleshooting are straightforward.

Adaptability to High RPM Motors: They can be directly coupled to high-speed electric
motors or internal combustion engines operating at high revolutions per minute (RPM).
This direct coupling eliminates the need for expensive speed-reducing gearboxes.

Disadvantages & Operational Challenges

Poor Suction Power: Unlike positive displacement pumps, centrifugal pumps are
generally incapable of creating a strong initial vacuum to draw fluid upward from a lower
level when the suction line contains air.

Usually Needs Priming: Because of their poor air-handling capability, centrifugal pumps
must undergo priming prior to startup. Priming is the process of completely filling the
pump casing and suction piping with the liquid to be pumped, displacing any trapped air
or gas. If air is present, the impeller cannot generate the centrifugal force required to lift
and move the fluid, causing the pump to become air-bound.
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e Cavitation may Develop During Operation: Cavitation is a highly destructive
phenomenon that occurs when the local pressure inside the pump drops below the
vapor pressure of the liquid being pumped. When this happens, the liquid boils locally,
forming vapor bubbles. As these bubbles move into regions of higher pressure within the
impeller, they collapse or implode violently. These microscopic implosions generate
extreme localized shockwaves that can pit and erode the metal surfaces of the impeller
and casing, cause severe vibrations, degrade efficiency, and ultimately lead to
mechanical failure.

Water or Hydraulic Power (WP)

In fluid mechanics and hydraulic machinery, Water Power (WP), also referred to as Hydraulic
Power, represents the theoretical energy per unit time added by the pump's impeller to the
water or fluid as it moves through the pump assembly. It constitutes the net useful power
transferred directly to the liquid medium to overcome elevation changes, friction, and pressure
differentials in a piping system.

The Governing Power Equations
Depending on whether the fluid flow rate is measured volumetrically or by mass, water power

can be calculated using two primary mathematical models.

1. Volumetric Flow Rate Approach

When the pump capacity is given as a volume flow rate, the fundamental equation for water
power is expressed as:

WP = Qy TDH

Where:

e WP = Water or hydraulic power, typically expressed in kilowatts (kW) or horsepower
(hp). To convert between these power units, the standard conversion factor is:
1 hp =0.746 kW.

Q (V) = Pump capacity or volume flow rate, measured in cubic meters per second (m?%/s).
Y, = Specific weight of the water or fluid.

e TDH = Total Dynamic Head, representing the total equivalent height the fluid is raised,
measured in meters (m) or feet (ft).

2. Mass Flow Rate Approach
To account for gravitational acceleration variants and mass metrics, the specific weight y,, can

be defined using the fluid density P, local gravitational acceleration g, and the gravitational

dimensional constant g,

= | L= Bl
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By substituting this physical definition back into the volumetric power formula, the equation
simplifies to a mass flow rate configuration:

WP =m [i]TDH
wl g

c

Where:

e m, = Mass flow rate of the water or fluid, quantified in kilograms per second (kg/s) or
pounds-mass per second (lb,/sec).

e g./9. = The dimensionless conversion or gravitational proportionality ratio ensuring unit
consistency across Sl and English engineering systems.

Fluid Physical Properties at Standard Conditions
For calculation consistency in board examinations, the specific weight of water (yw) is

conventionally evaluated at standard atmospheric conditions and a temperature of 4°C (where
water reaches its maximum density).

e International System of Units (Sl): y, = 9.81 %
e English Engineering System: Yy = 62.4 l;’_’;‘
w t

The Total Dynamic Head (TDH), conventionally referred to as the pump head, is a core
hydraulic parameter representing the total amount of useful work required by a pump per
specific weight of the water or fluid flowing through the system. Commonly measured in units of
length, such as meters (m) or feet (ft), TDH characterizes the system's net resistance that the
pump must overcome to move a fluid from one point to another. Mathematically and physically, it
is defined as the cumulative sum of four distinct components:

By defining the system boundary from the suction source (State 1) to the final discharge point
(State 2), the total energy balance equation incorporates potential energy (PE), kinetic energy
(KE), flow work (Wf), internal energy (U), and the mechanical energy input from the pump,
known as Water Power (WP). Setting up the balance yields:

PE, + KE, + Wf, + U, + WP = PE, + KE, + Wf, + U,

Rearranging this expression to isolate the net useful energy added by the pump (WP) results in
a grouping of differential energy terms:

WP = (PE; - PE,) + (KE, - KE,) + (Wf, = Wf;) + (U, - Uy)
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Key Operational Assumptions and Simplifications

To transform this fundamental thermodynamic equation into standard hydraulic head
calculations for practical engineering applications, several critical assumptions are applied
based on normal operating conditions:

1. Isothermal Flow and Internal Energy Simplification (AU = 0)

In typical water-pumping applications, if we assume that the temperature of the fluid at the
suction inlet (t;) and the discharge outlet (t,) are approximately equal (t; = t,), the fluid
experiences an isothermal process. Because internal energy for incompressible liquids is
primarily a function of temperature, any change in internal energy across the pump is negligible.
Therefore, the internal energy terms cancel out of the equation: AU=U, - U, =0

2. Steady State Incompressible Flow (V, = V,)

We can also assume a steady-state pumping process for the system. For an incompressible
fluid like water operating under normal pressure limits, the volumetric flow rate entering the
suction side (V,) is equal to the volumetric flow rate exiting the discharge side (V). This permits
a constant density and specific weight profile throughout the evaluation.

Suction Lift

The system schematic illustrates a Suction Lift configuration, which is a specific arrangement
where the pump centerline is positioned above the liquid level of the suction reservaoir.

Static
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Incorporating Real-World Piping Losses

In real engineering applications, energy is continuously dissipated due to fluid friction against
internal pipe walls and turbulent disruptions through elbows, valves, and various fittings. To
account for these irreversibilities, a head loss term (h.) must be appended to the ideal system
balance:

_ Y, ™Y P,—P,
TDH = (z, + z,) + m ottt

This yields the complete engineering design formula:

TDH = (total static head) + (velocity head) + (pressure head) + (friction loss)
In shorthand notation, this is conventionally written as:

TDH=h, +h, + hp + h,

Total Static Head (h,)

The total static head is the absolute vertical distance through which a pump must lift a liquid. It
is measured continuously from the free water surface level of the source supply to the ultimate
point of discharge. Depending on the physical elevation of the supply source relative to the
pump's physical centerline, the suction side configuration is classified in one of two ways:

e Static Suction Lift: This condition occurs when the supply water source surface is
located below the pump centerline. In this arrangement, the pump must exert negative
pressure (vacuum) to pull the water up to the impeller. hy = z, + z,

e Static Suction Head: This condition occurs when the supply water source is located
above the pump centerline. Under a static suction head arrangement, gravity naturally
forces the fluid down into the pump inlet, providing a positive pressure assist at the
suction eye. hy = z, - z,
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Velocity Head (h,)

The velocity head represents the energy possessed by the fluid solely due to its kinetic
movement and velocity through the piping network. It corresponds to the equivalent height that
a fluid would have to fall under gravity to attain that specific velocity. In many standard industrial
and water supply piping system calculations, the change in fluid velocity between the suction
and discharge points is minimal enough that the net velocity head is exceptionally small and can
be completely neglected in routine manual calculations.

Pressure Head (hp)

The pressure head is the energy equivalent height required by the pump to distribute water
properly at the desired terminal pressure of the system. It represents the work needed to
overcome any existing pressure differentials between closed containment vessels or to deliver
fluid at a specific structural line pressure. For example, a benchmark engineering conversion to
remember for board examinations is that a fluid pressure of 60 psi is structurally equivalent to a
pressure head of 138.5 feet of water.

Friction Head (h,)

The friction head is the energy loss associated with the continuous decrease in fluid pressure
due to mechanical friction generated when the fluid flows along the internal walls of the pipes,
as well as turbulent resistance through valves, elbows, tees, and system fittings. Friction head
always works against the direction of fluid travel and must be directly compensated for by
adding it to the required pump energy.

Pipe Friction Head Loss and Fluid Dynamics

The overall head loss (H.) in a piping network consists of major losses due to boundary layer
skin friction along straight sections of pipe (h;) and minor losses (h) caused by structural
disruptions like expansions, contractions, bends, valves, and fittings.

The total cumulative pipeline loss (H,) is calculated as:

H. =h;+ h,
HL:hf+(hc+he+hg+hb)

Major Losses, hf and the Darcy-Weisbach Equation

Major losses are uniform losses along the pipe surface that remain consistent as long as the
pipe cross-section, roughness, and material type do not change. The definitive model used to
calculate this friction loss is the Darcy-Weisbach Equation:

2
14

L
hf = f— )
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Where: h; = Major friction head loss, measured in meters (m).

f = Dimensionless resistance coefficient or Darcy friction factor. If specific charts
or tables are omitted from an examination problem, standard convention dictates using a default
value of f = 0.02.

L = Total linear pipe length, including valves and fittings equivalent lengths (m).

D = Internal diameter of the pipe conduit (m).

v = Average fluid velocity inside the pipe channel (m/s).

d. = Observed local acceleration due to gravity (m/s?).

Flow Characterization via Reynolds Number (R,)

To determine if the fluid flow regime within a closed conduit is laminar or turbulent, engineers
evaluate the dimensionless Reynolds Number (R,), first discovered by Osborne Reynolds in
1883. It represents the ratio of inertial forces to viscous forces within the fluid stream:

Where: p = Density of the fluid (kg/m?).
u = Dynamic or absolute viscosity of the fluid, measured in Pascal-seconds
(Pa-s) or Poise. The unit conversion factor is 1 poise = 1 dyne-s/cm?

By substituting Kinematic Viscosity (v), which is defined as dynamic viscosity divided by fluid
density (v = J;—) the Reynolds number simplifies to:

Dv
R =—
e \Y

Where v is quantified in square meters per second (m?/s). The English engineering system
conversion for kinematic viscosity is 1 stroke = 1cm?/sec.

Friction Factor Determination

The flow profile changes completely based on the magnitude of the calculated Reynolds
number:

e Laminar Flow Regime (R, < 2,000): The fluid moves in parallel sheets without mixing.
Under this streamlined condition, the friction factor (f) depends solely on the Reynolds
number and is calculated directly using the linear Hagen-Poiseuille relationship:
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Turbulent Flow Regime (R, = 3,000): The fluid flow becomes chaotic and highly
mixed. Here, the friction factor (f) becomes an intricate function of both the Reynolds

number and the Relative Roughness of the pipe interior (%) where ¢ represents the

absolute internal surface irregularities:

f =17, 5)

Minor Losses (h))

Minor losses stem from localized turbulences that dissipate energy when fluid encounters
geometric transitions or control elements.

Where

2
_ v
h=S k5

kL is the loss coefficient for contraction, enlargement, gate, valves, fittings and bends.

The values of kL (if not given) can be found in published tables. The total losses, H,, in a

pipeline are the sum of the major and minor losses:

Where:

Ho=hi+h
HL=hf+(hc+he+hg+hb)

Contraction Losses (h.): Energy lost when the pipe diameter narrows.

Enlargement Losses (h,): Energy lost when the pipe suddenly expands.

Obstruction Losses (hg): Energy lost through internal restrictions like valves and gates.
Bend/Curve Losses (h,): Energy lost due to flow separation around elbows and curves.

The Pump Affinity Laws

The Pump Affinity Laws are a set of mathematical relationships that express the performance
variations of a centrifugal pump when its operational speed (N) or its impeller diameter (D) is
altered. These laws allow engineers to predict initial performance changes under the strict
assumption that the pump's hydraulic efficiency remains constant across both operating
conditions. In these equations, subscript 1 denotes the initial baseline condition, and subscript 2
denotes the modified, new condition.

Case 1: Constant Impeller Diameter (D, = D,)

When the physical size of the impeller is held constant and only the rotational speed (N) of the shaft
is modified, performance parameters scale as follows:
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e Capacity (Q): Volumetric capacity varies directly with the first power of the pump speed.

Q N

S
Q, N,

e Head (H): Total dynamic head varies directly with the square of the pump speed.

Hl Nl

H, T (N_Z)
e Brake Power (BHP): Brake horsepower varies directly with the cube of the pump speed.

BHP1 N1 3

BHP, (N_z)

Case 2: Constant Speed (N, = N,)

When the rotational speed is held constant and the physical impeller diameter (D) is modified (such
as when trimming an impeller to match a specific system demand), performance parameters scale
as follows:

e Capacity (Q): Volumetric capacity varies directly with the first power of the impeller diameter.

D
1

DZ

S
Q,
e Head (H): Total dynamic head varies directly with the square of the impeller diameter.

=
|
—
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HZ

e Brake Power (BHP): Brake horsepower varies directly with the cube of the impeller
diameter.

BHP1 _ D1
BHP2 D2

Operational Variables and Units

2

When executing calculations using the affinity laws, the variable units must be consistently matched:

Q = Capacity, measured in gallons per minute (gpm).

H = Total head, measured in feet (ft).

BHP = Brake horsepower, measured in horsepower (hp).

N = Pump rotational speed, measured in revolutions per minute (rpm).
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Pump Installation Configurations: Series vs. Parallel

When a single pump cannot fulfill system requirements, multiple pumps can be integrated into
the network. The choice between a series or parallel configuration depends on whether the
system needs a boost in pressure or an increase in volumetric capacity.

1. Pumps in Series (Staging for High Head)

Pumps in series are installed by directing the discharge line of the first pump straight into the
suction inlet of the second pump. This configuration is structurally identical to the internal
staging of a multi-stage pump.

/— Two Pumps in Series

[ Single Pump

Head - h (m)

System Curve

-

Y

Flow Rate - q (m3/s)

e Hydraulic Behavior: When operating in series, the volumetric capacity (Q) passing
through both pumps remains constant, while the total dynamic head (TDH) increases
cumulatively at that given capacity.

e Performance Characteristic:

QTotal = Ql = QZ
Total = Hl + HZ
e Application Profile: This layout is used for high-resistance systems where fluid must be

transported across significant vertical elevations or into high-pressure containment
vessels.

2. Pumps in Parallel (Network Scaling for High Capacity)

Pumps in parallel are installed by connecting the suction inlets of both pumps to a shared source line
and combining their individual discharge lines into a single, common header manifold.
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e Hydraulic Behavior: When operating in parallel, both units work against the same total
dynamic head (TDH), while the overall volumetric system capacity (Q) is doubled (assuming
identical pump models).

e Performance Characteristic:

e Application Profile: This layout is used for systems with variable flow demands, allowing
operators to activate additional pumps during peak flow requirements without modifying
system pressure limits.

Net Positive Suction Head (NPSH) and Cavitation Control

In industrial hydraulics and fluid machinery design, safeguarding a pump from mechanical
degradation requires a strict thermodynamic evaluation of the suction line. Net Positive Suction
Head (NPSH) serves as a critical engineering index that defines the absolute pressure margin
required at the pump inlet to ensure the fluid remains in a stable liquid phase and operates smoothly
without encountering cavitation.

The Phenomenon of Cavitation

Cavitation is a highly destructive hydraulic phenomenon that occurs when the local static pressure
at any point inside the pump—typically at the low-pressure zone near the eye of the impeller—drops
below the vapor pressure corresponding to the operating temperature of the liquid. When this
localized pressure threshold is breached, the liquid reaches its boiling threshold at ambient
temperature, causing it to vaporize and form millions of microscopic vapor bubbles.
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As these vapor bubbles are swept along by the rotating impeller blades into regions of higher
static pressure within the volute casing, they become unstable. The surrounding high pressure
forces the bubbles to abruptly collapse or implode violently at the metal surfaces of the impeller.
These microscopic implosions generate extreme localized shockwaves and high-velocity
micro-jets that repeatedly strike the pump material. Over time, this mechanical pounding
induces severe fatigue, leading to pitting, erosion, and structural failure of the impeller and
casing. Operationally, cavitation manifests as severe system vibrations, a distinct crackling
noise resembling the pumping of gravel, a sharp drop in pump efficiency, and a sudden loss of
discharge capacity.

Understanding NPSH Frameworks: Required vs. Available

To mathematically evaluate and prevent cavitation, engineers classify NPSH into two separate,
independent metrics that must be balanced.

1. Net Positive Suction Head Required (NPSH,)

The Required Net Positive Suction Head (NPSH,) is a minimum pressure threshold that is
experimentally determined and provided by the pump manufacturer. It is a strict function of the
internal pump design, including impeller geometry, vane profiling, and rotational speed. NPSHr
represents the internal pressure drop that the fluid experiences as it enters the suction nozzle
and moves into the impeller eye; consequently, it is the absolute minimum energy the incoming
fluid must possess to avoid boiling inside the pump.

2. Net Positive Suction Head Available (NPSH,)

The Available Net Positive Suction Head (NPSH,) is a hydraulic profile determined directly by
the plant designer during the design and proposed installation phase of the pumping network. It
is a function of the external system piping layout, fluid temperature, atmospheric conditions, and
elevation. NPSH, measures the actual net useful pressure head present at the pump's suction
inlet flange.

To successfully avoid cavitation during operation, the hydraulic design must always satisfy the
following strict inequality:

NPSH, = NPSH,
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Engineering Remediation Strategies

If a field calculation or diagnostic test reveals that NPSH, < NPSH,, the system will undergo
heavy cavitation. To correct this deficit, plant engineers have two primary modifications available
depending on whether the system is constrained by layout or equipment selections:

1. Modify the Plant Layout (Increase Suction Pressure): The designer can physically
decrease the static suction lift by changing the plant layout and raising the elevation of
the supply source relative to the pump, or by lowering the pump closer to the water level.
This directly reduces the hydraulic pull required, boosting NPSH,.

2. Modify Pump Operation (Reduce Demand Head): Alternatively, engineers can reduce
the effective suction head requirements by using pumps with a larger physical capacity
but operating them at partial loads or lower rotational speeds. Throttling the operational
speed lowers the velocity and internal turbulence at the impeller eye, which effectively
drops the manufacturer's required NPSH, threshold to match the system’s constraints.

Mathematical Evaluation of NPSH,
The absolute available suction head is quantified using the governing engineering relationship:
NPSHa = hp + hSL - hv - h|_

Where all parameters are evaluated as equivalent heads in units of length (typically meters or
feet):

e hp = Absolute pressure head acting on the free surface of the liquid supply source. When
the source tank is vented or open to the atmosphere, this matches the local atmospheric
pressure corresponding to its geographical altitude.

e hg = Static height of the liquid surface relative to the pump centerline. This value
changes sign based on the system geometry:

o Positive (+hg ): Designated as positive when a static suction head (flooded
suction) is present, meaning the liquid supply level is located above the pump
centerline.

o Negative (~hg ): Designated as negative when a static suction lift is present,
meaning the liquid supply level is located below the pump centerline.

e h, = Vapor pressure head corresponding directly to the temperature of the liquid at the
suction zone. This thermodynamic property determines the fluid's boiling point and can
be determined accurately using standard engineering steam tables.

e h_ = Total head loss accumulated across the suction line due to fluid friction against the
pipe walls and turbulent restrictions within elbows, foot valves, and strainers.
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Pump Efficiency (1)

In real-world applications, a pump cannot convert 100% of its incoming mechanical shaft power
into hydraulic energy due to internal fluid friction, mechanical friction in the bearings and seals,
and volumetric leakage past the wear rings. Therefore, mechanical systems must be evaluated
using Pump Efficiency (np).

Pump efficiency is defined as the dimensionless ratio of the useful output power over the total
input power delivered to the pump shaft. Specifically, it compares the Water Power (WP) or
hydraulic power output successfully added to the fluid against the Brake Power (BP) input
supplied by the driving motor to the pump coupling. Expressed as a percentage, the governing
formula is written as:

_we
T]p_ BP

*100%

e Water Power (WP) is the calculated hydraulic energy rate imparted directly to the liquid
medium.

e Brake Power (BP) is the actual mechanical brake horsepower or kilowatt input required
from the electric motor or engine shaft to keep the pump operating at its design point.
Because of internal energy losses, BP will always be greater than WP, ensuring the
calculated efficiency remains below 100%

Pump Specific Speed (N,)

In turbomachinery and hydraulic engineering, Pump Specific Speed (N) is a fundamental
parameter used to characterize and describe the hydraulic design and operational features of
centrifugal pumps. It functions as a geometric index that classifies pump impellers based on
their performance profile and proportions rather than their physical size.

Formally, specific speed is defined as the rotational speed in revolutions per minute at which a
given geometrically similar impeller would operate if it were scaled down proportionally in size
so as to deliver a standard rated capacity of 1 gallon per minute (gpm) against a total dynamic
head of 1 foot.

The Specific Speed Equation

The mathematical formula used to compute the specific speed of a pump is expressed as
follows:
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Where:

e N, = Specific speed of the pump, conventionally noted with units of revolutions per
minute (rpm).
N = Impeller rotational speed, measured in revolutions per minute (rpm).
Q = Flow capacity of the pump, measured strictly in gallons per minute (gpm).

e H =Pump head per stage, measured strictly in feet (ft).

Crucial Special Conditions and Corrections

Meticulous attention must be paid to the physical configuration of the pump inlet and staging.
The variables Q and H used in the equation must reflect the performance of a single impeller
eye working across a single stage:

1. Double Suction Pumps (Inlet Correction)

A double suction pump features an impeller design where fluid enters from both sides
simultaneously, effectively splitting the total incoming volumetric load. For a double suction
pump, the total capacity Q must be divided by 2 before substituting it into the formula

Q
(Qactual = tT”) This isolation accurately accounts for the flow profile experienced by a single

side of the impeller eye.

2. Multi-Stage Pumps (Pressure/Head Correction)

A multi-stage pump consists of multiple impellers mounted in series along a single shaft to
successively boost discharge pressure. Because the total head is a cumulative build-up across
all stages, for multi-stage pumps, the total dynamic head H must be divided by the number

H
of stages (H = t—”) This ensures the value represents the net head generated per

actual 2

individual stage.

Fluid Behavior in Integrated Piping Networks

When pipes of different configurations connect multiple reservoirs, fluid parameters adjust
according to the physical path layout.

1. Pipes of Different Diameters in Series

When components are arranged sequentially in a series network, the fluid must pass through
each section one after another.

A

— 1
%H 2
s
“--_.______“__-:}__“.‘
—

Prepared by: Prof. Anthony James C. Bautista, PME, ACPE, MBA, PhD



https://mechreview.com

e Volumetric Flow Capacity: Because the fluid is contained within a single continuous
loop, the volumetric flow rate (Q) remains identical across all connected sections:

e Total Network Head Loss: The total head loss (H,) across the entire series system is
the cumulative sum of individual friction and minor losses within each component:

H = hf1 + hf2 + hf3
2. Pipes Connected in Parallel

When a single pipeline branches at a junction into multiple parallel lines before recombining
downstream, the fluid load splits across the separate paths.

e Volumetric Flow Capacity: The total volumetric flow rate (Q., or Q,) entering the
junction must equal the sum of the individual flow rates passing through the parallel

branches:
Q,=0,+0Q,
Ql = Q4

e Total Network Head Loss: Because each parallel path connects the exact same two
common junctions, the energy drop across each separate path must be identical,
regardless of its length or diameter:

HL = hf1 + hf2 + hf3

Where: hf2 = hf3
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Reciprocating Pumps

Reciprocating pumps are positive displacement machines that rely on the mechanical
movement of a piston within a closed cylinder to move fluid via alternating suction and
discharge strokes.

1. Piston Displacement (V)

Piston displacement represents the theoretical volumetric rate swept by the piston during its
operation. This mathematical calculation is split depending on whether the volume of the piston
rod is neglected or considered:

e Neglecting Piston Rod: When the small volume of the operating rod is omitted from the
calculation, the general formulation for displacement is:

1, = [z o]

4 s

Where s=2 for pumps and compressors, ¢c=1, and a=2. Substituting these standard
system coefficients simplifies the direct theoretical displacement equation to:

V =2 [lDZLN]
D 4

Where D is the cylinder internal diameter, L is the piston stroke length, and N is the
rotational speed in revolutions per minute.

e Considering Piston Rod: When the physical volume of the piston rod (diameter d) is
included, it reduces the effective area on the crank side of the cylinder during the stroke.
The modified volumetric displacement formulation becomes:

v =ZDLN + (D’ - d')LN

2. Pump Slip and Percent Slip

In real-world operations, the actual volumetric flow rate (Q) delivered by a reciprocating pump is
typically less than the theoretical piston displacement (V) due to internal fluid leakage past the
piston seals and lagging valve closures. This metric variance is called Slip:

Slip =V, - Q

To express this value as a normalized engineering ratio, Percent Slip is calculated using the
following equation:

%Slip = 1 — -+

D
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3. Volumetric Efficiency (nV)

Volumetric efficiency measures the effectiveness of a positive displacement pump in matching
its theoretical displacement capacity. It can be calculated directly from the slip value or derived
using internal clearance volume ratios (c) and fluid volume boundaries (V, and V.,):

n,= 1 — slip

2

_ 0 _ A
nV—VD—1+c—c(V)
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