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ABSTRACT
I

The Mechanical Science Handbook was developed to assist nuclear facility operating
contractors in providing operators, maintenance personnel, and the technical staff with the
necessary fundamentals training to ensure a basic understanding of mechanical components and
mechanical science. The handbook includes information on diesel engines, heat exchangers,
pumps, valves, and miscellaneous mechanical components. This information will provide
personnel with a foundation for understanding the constrtiction and operation of mechanical
components that are associated with various DOE nuclear facility operations and maintenance.
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FOREWORD
III I

The Department of Energy (DOE) Fundamentals" HatMbooks consist of ten academic
subjects, which include Mathematics; Classical Physics; Thermodynamics, Heat Transfer, and
Fluid Flow; Instrumentation and Control; Electrical Science; Material Science; Mechanical

Science; Chemistry; Engineering Symbology, Prints, and Drawings; and Nuclear Physics and
Reactor Theory. The handbooks are provided as an aid to DOE nuclear facility contractors.

These handbooks were first published as Reactor Operator Fundamentals Manuals in 1985
for use by DOE category A reactors. The subject areas, subject matter content, and level of
detail of the Reactor Operator Fundamentals Manuals were determined from several sources.

DOE Category A reactor training managers determined which materials should be included, and
served as a primary reference in the initial development phase. Training guidelines from the
commercial nuclear power industry, results of job and task analyses, and independent input from
contractors and operations-oriented personnel were ali considered and included to some degree
in developing the text material and learning objectives.

The DOE Fumlamentals Handbooks represent the needs of various DOE nuclear facilities'
fundamental training requirements. To increase their applicability to nonreactor nuclear
facilities, the Reactor Operator Fundamentals Manual learning objectives were distributed to the
Nuclear Facility Training Coordination Program Steering Committee for review and comment.
To update their reactor-specific content, DOE Category A reactor training managers also
reviewed and commented on the content. On the basis of feedback from these sources,

information that applied to two or more DOE nuclear facilities was considered generic and was
included. The final draft of each of the handbooks was then reviewed by these two groups.
This approach has resulted in revised modular handbooks that contain sufficient detail such that
each facility may adjust the content to fit their specific needs.

Each handbook contains an abstract, a foreword, an overview, learning objectives, and
text material, and is divided into modules so that content and order may be modified by
individual DOE contractors to suit their specific training needs. Each handbook is supported by

a separate examination bank with an answer key.

The DOE Fundamentals Handbooks have been prepared for the Assistant Secretary for
Nuclear Energy, Office of Nuclear Safety Policy and Standards, by the DOE ]'raining
Coordination Program. This program is managed by EG&G Idaho, Inc.
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OVERVIEW
i

The Department _?/'Energy Fundamentals Handbook entitled Mechanical Science was
prepared as an information resource for personnel who are responsible for the operation of tile
Department's nuclear facilities. Almost all processes that take place in the nuclear facilities
involve the use of mechanical equipment and components. A basic understanding of mechanical
science is necessary for DOE nuclear facility operators, maintenance personnel, and the technical
staff to safely operate and maintain the facility and facility support systems. The intbrmation
in tile handbook is presented to provide a foundation for applying engineering concepts to the
job. This knowledge will help personnel more fully understand the impact that their actions may
have on the safe and reliable operation of facility components and systems.

The Mechanical Scien('e handbook consists of five modules that are contained in two

volumes. The following is a brief description of the information presented ill each module of
the handbook.

Volume 1 of 2

Module 1 - I)iesel Engine Fundamentals

Provides information covering the basic operatiug principles of 2-cycle and
4-cycle diesel engines. Includes operation of engine governors, fuel ejectors, and
typical engine protective features.

Module 2 - Heat Exchangers

Describes the construction of plate heat exchangers and tube and shell heat
exchangers. Describes the flow patterns and temperature profiles in parallel flow,
counter flow, and cross flow heat exchangers.

Module 3 - Pumps

Explains tile operation of centrifugal and positive displacement pumps. Topics
include net positive suction head, cavitation, gas binding, and pump characteristic
CUFVeS.
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Volume 2 of 2

Module 4 - Valves

Introduces the functions of the basic parts common to most types of valves.
Provides information on applications of many types of valves. Types of valves
covered include gate valves, globe valves, ball valves, plug valves, diaphragm
valves, reducing valves, pinch valves, butterfly valves, needle valves, check
valves, and safety/relief valves.

Module 5 - Miscellaneous Mechanical Components

Provides information on significant mechanical devices that have widesplead
application in nuclear facilities but do not fit into the categories of components
covered by the other modules. These include cooling towers, air compressors,
demineralizers, filters, strainers, etc.

The information contained in this handbook is not all-encompassing. An attempt to

present the entire subject of mechanical science would be impractical. However, the Mechanical
Science handbook presents enough information to provide the reader with the fundamental
knowledge necessary to understand the advanced theoretical concepts presented in other subject

areas, and to understand basic system and equipment operation.
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TERMINAL OBJECTIVE

1.0 Without references, DESCRIBE the components and theory of operation for a diesel
engine.

ENABLING OBJECTIVES

1.1 DEFINE the following diesel engine terms:

a. Compression ratio
b. Bore
c. Stroke
d. Combustion chamber

1.2 Given a drawing of a dies'el engine, IDENTIFY the following:

a. Piston/rod e. Intake ports or valve(s)
b. Cylinder f. Exhaust ports or valve(s)
c. Blower g. Fuel injector
d. Crankshaft

1.3 EXPI_,AIN how a diesel engine converts the chemical energy stored in the diesel fuel into
mechanical energy.

1.4 EXP1.AIN how the ignition process occur:; in a diesel engine.

1.5 EXPLAIN the operation of a 4-cycle diesel engine to include when the lkqlowing events
occur d,lring a cycle:

a. In take
b. Exhaust

c. Fuel injection
d. Compression
c. Power

ME-01 Page vi Rev. 0
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ENABLING OBJECTIVES (Cont.)
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1.6 EXPLAIN the operation of a 2-cycle diesel engine, including when the following events
occur during a cycle:

a. Intake
b. Exhaust

c. Fuel injection
d. Compression
e. Power

1.7 DESCRIBE how the mechanical-hydrat,'lic governor on a diesel engine controls engine
speed.

1.8 LIST five protective alarms usualiy found on mid-sized and larger diesel engines.

+1
-t
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DIESEL ENGINES
Ill l I

One _/' the most common prime movers is the diesel engine. Before gaining an
understanding of how the engine operates a basic utMerstanding of the engine's
components must he gained. 7his chapter reviews the major cwnponents q["a
generic diesel engine.

EO 1.1 DEFINE the following diesel engine terms:

a. Compression ratio
b. Bore
c. Stroke
d. Combustion chamber

EO 1.2 Given a drawing of a diesel engine, IDENTIFY the
following:

a. Piston/rod e. Intake ports or valve(s)
b. Cylinder f. Exhaust ports or valve(s)
c. Blower g. Fuel injector
d. Crankshaft

I III I

Introduction

Most DOE facilities require some type of prime mover to supply mechanical power lhr pumping,
electrical power generation, operation of heavy equipment, and to act as a backup electrical
generator for emergency use during the loss of the normal power source. Although several types
of prime movers are available (gasoline engines, steam and gas turbines), the diesel engine is
the most commonly used. Diesel engines provide a self-reliant energy source that is available
in sizes from a few horsepower to 10,000 hp. Figure 1 provides an illustration of a common
skid-mounted, diesel-driven generator. Relatively speaking, diesel engines are small,
inexpensive, powerful, fuel efficient, and extremely reliable if maintained properly.

Because of the widespread use of diesel engines at DOE facilities, a basic understanding of the
operation of a diesel engine will help ensure they are operated and maintained properly. Due
to the large variety of sizes, brands, and types of engines in service, this module is intended to
provide the fundamentals and theory of operation of a diesel engine. Specific information on
a particular engine should be obtained from the vendor's manual.
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Figure 1 Example of ii Large Skid-Mounted, Diesel-Driven Generator

ltistory

The modern diesel engine came about as the result of the internal combustion principles first
proposed by Sadi Carnot in the early !9th century. Dr. Rudolf Diesel applied Sadi Carnot's
principles into a patented cycle or method of combustion tl.iathas become known as the "diesel"
cycle. His patented engine operated when the heat generated during the compression of the air
fuel charge caused ignition of the mixture, wl.iicllthen expanded at a coristant pressure duririg
the full power stroke of the erlgirle.

Dr. Diesel's first engine ran on coal dust and used a compression pressure of 1500 psi to
increase its theoretical efficiency. Also, his first engine did not have provisions for any type of
cooling system. Consequently, between the extreme pressure and the lack of cooling, the engine
exploded arid alrriost killed its inventor. After recovering from his injuries, Diesel tried again
using oil as the fuel, adding a cooling water jacket around the cylinder, and lowering the
compression presstlre to approximately 550 psi. This corrlbination eventually proved successful.
Productiori rights to the engine were sold to Adolphus Busil, who built the first diesel engines
for commercial use, installirig them in his St. Louis brewery to drive various punips.

Diesel Engines

A diesel engirle is similar to the gasoline engine used in most cars. Both engines are interrlal
combustion cngiries, meariing they burn the fuel-air mixture within the cylinders. Both are
reciprocating engines, being driven by pistons moving laterally in two directiorls. The majority
of their parts are similar. Although a diesel engine and gasoline engine operate with similar
components, a diesel engine, when compared to a gasoline engine of equal horsepower, is
heavier due to stronger, heavier materials used to witl.istandthe greater dynamic torces from the
higher combustion pressures present in the diesel engine.

ME-OI Page 2 Rev. 0
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The greater combustion pressure is tile result of the higher compression ratio used by diesel
engines. The compression ratio is a measure of how much the engine compresses the gasses in
tile engine's cylinder. In a gasoline engine the compression ratio (which controls the
compression temperature) is limited by the air-fuel mixture entering the cylinders. The lower
ignition teml_erature of gasoline will cause it to ignite (burn) at a compression ratio of less than
10:1. The average car has a 7:1 compression ratio. In a diesel engine, compression ratios
ranging from 14:1 to as high as 24:1 are commonly used. The higher compression ratios are
possible because only air is compressed, and then the fuel is injected. This is one of the factors
that allows the diesel engine to be so efficient. Compression ratio will be discussed in greater
detail later in this module.

Another difference between a gasoline engine and a diesel engine is the manner in which engine
_'q_ccd is controlled. In any engine, speed (or tx_wer)is a direct function of the amount of fuel
burned in the cylinders. Gasoline engines arc self-speed-limiting, due to the method the engine
uses to control the amount of air entering the engine. Engine speed is indirectly controlled by
the butterfly valve in the carburetor. The butterfly valve in a carburetor limits the amotmt of
air entering the engine. In a carburetor, the rate of air flow dictates the anaount of gasoline that
will be mixed with the air. Linaiting the amount of air entering the engine limits the amount of
fuel entering tiae engine, and, therefore, limits the speed of the engine. By limiting the amount
of air entering the engine, adding more fuel does not increase engine speed beyond the point
where the fuel burns 100% of the available air (oxygen).

Diesel engines are not self-speed-limiting because the air (oxygen) entering the engine is always
thr ma×inlt;m amount. "lherefore, the engine speed is limited solely by the anaotmt of lucl
injected into the engine cylinders. Therefore, the engine always has sufficient oxygen to burn
and the engine will attempt to accelerate to meet the new fuel injection rate. Because of this,
a manual fucl control is not possible because these engines, in an unloaded condition, can
accelerate at a rate of naore than 2000 revolutions per second. Diesel engines require a speed
limiter, commoflly called the governor, to control the amount of fuel being injected into the
engine.

Unlike a gasoline engine, a diesel engine does not require an ignition system because in a diesel
engine the fuel is injected into the cylinder as the piston comes to the top of its compression
stroke. When fucl is injected, it vaporizes and ignites due to the heat created by thr
compression of the air in the cylinder.

Major Components of a Diesel Engine

To understand how a diesel engine operates, an understanding of the major components and how,
they work together is necessary. Figure 2 is an example of a medium-.sized, four-stroke,
supercharged, diesel engine with inlet ports and exhaust valves. Figure 3 provides a cross
section of a similarly sized V-type diesel engine.

Rev.0 Page3 ME-0I
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The Cylinder Block

The cylinder block, as shown in Figure 4, is generally a single unit made from cast iron.
In a liquid-cooled diesel, the block also provides the structure and rigid frame for the
engine's cylinders, water coolant and oil passages, and support for the crankshaft and
camshaft bearings.

. . -............. -77._L_.

b

Figure 4 The Cylinder Block

Crankcase and Oil Pan

The crankcase is usually located on the bottom of the cylinder block. The crankcase is
defined as the area around the crankshaft and crankshaft bearings. This area encloses
the rotating crankshaft and crankshaft counter weights and directs returning oil into the
oil pan. The oil pan is located at the bottom of tile crankcase as shown in Figure 2 and
Figure 3. The oil pan collects and stores the engine's supply of lubricating oil. l.arge
diesel engines may have tile oil pan divided into several separate pans.

_C_3'linderSleeve or Bore

Diesel engines use one of two types of cylinders. In one type, each cylinder is simply
machined or bored into the block casting, making the block and cylinders an integral
part. In tile second type, a machined steel sleeve is pressed into the block casting to
form the cylinder. Figure 2 and Figure 3 provide examples of sleeved diesel engines.
With either method, the _3,1indersh'eye or t_oreprovides the engine with the cylindrical
structure needed to confine the combustion gasses and to act as a guide lhr the engine's
pistons.

M E-O 1 Page 6 Rev. 0
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In engines using sleeves, there are two
tyt_s of sleeves, wet and dry. A dry
sleeve is surrounded by the metal of
the block and does not come in direct

contact with the engine's coolant i PILOTSIUD

(water). A wet sleeve comes in direct _ l I J "contact with the engine's coolant. .......... WA'tERJACKET
Figure 5 provides an example of a wet '" ......--_-_ ..... ""

sleeve. The volume enclosed by the .............. AIR_NLErpor_rs
sleeve or bore is called the

ii lfl!combustion chamber and is the space ..-_-where the fuel is burned. : WATERlHr.El

In either type of cylinder, sleeved or ("_, i"_'' LOWER SEALGROOVE';
bored, the diameter of the cylinder is _ __, "........ , ...,
called the bore of the engine and is I _-_ -- _.--"J
stated in inches. For example, the
bore of a 350 cubic inch Chevrolet

gasoline engine is 4 inches.

Most diesel engines are multi-cylinder Figure 5 DieselEngine Wet CylintlcrSleeve
engines and typically have their
cylinders arranged in one of two
ways, ata in-line or a "V", although other combinations exits. In an in-line engine, as
the name indicates, ali the cylinders are in a row. In a "V" type engine the cylinders are
arranged in two rows of cylinders set at an angle to each other that align to a common
crankshaft. F..achgroup of cylinders making up one side of the "V" is referred to as a
bank oi"cylinders.

Piston and Piston Rings_ .. _'_sToH
i _ CC)M M F'h'E %S10 N

The piston transforms the energy of _...._ R_c,s

the expanding gasses into P_STONPIN
mechanical energy. The piston k_,_l j...
tides in the cylinder liner or sleeve "_::m:_' OILRINC,_?-.

as shown in Figure 2 and Figure 3. _li
Pistons are commonly made of i

allJminum or cast iron alloys, i _ k,, CONN[CIIN(_ RO[_

. Cr_ ! :
To prevent the combustion gasses - ,, ,

from bypassing the piston ,and to , ""iii'_._-'_
keet) friction to a nfininmm, each ' _i_i i
piston has _veral metal rings :-. ,
around it, as illustrated by Figure 6.

Figure 6 Piston and Piston Rod

Rev. 0 Page '7 ME-01
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These rings function as the seal between the piston and the cylinder wall and also act to
reduce friction by minimizing the contact area between the piston and the cylinder wall.
The rings are usually made of cast iron and coated with chrome or molybdenum. Most
diesel engine pistons have several rings, usually 2 to 5, with each ring performing a
distinct function. The top ring(s) acts primarily as the pressure seal. The intermediate
ring(s) acts as a wiper ring to remove and control the amount of oil film on the cylinder
walls. The bottom ring(s) is an oiler ring and ensures that a supply of lubricating oil is
evenly deposited on the cylinder walls.

Connecting, Rod

The connecting rod connects tile piston to the crankshaft. See Figure 2 and Figure 3 for
the location of tile connecting rods in an engine. The rods are made from drop-forged,
heat-treated steel to provide the required strength. Each end of the rod is bored, with
the smaller top bore connecting to the piston pin (wrist pin) in the piston as shown in
Figure 6. The large bore end of the rod is split in half and bolted to allow the rod to be
attached to the crankshaft. Some diesel engine connecting rods are drilled down the
center to allow oil to travel up from the crankshaft and into the piston pin and piston lhr
lubrication.

A variation found in V-type engines that affects the connecting rods is to position the
cylinders in the left and right banks directly opposite each other instead of staggered
(most common configuration). This arrangement requires that the connecting rods of two
opposing cylinders share the same main journal bearing on the crankshaft. To allow this
configuration, one of the connecting rods must be split or forked around the other.

Crankshaft

The cranLs'ha.ft transt'orms the linear motion of the pistons into a rotational motion that
is transmited to the ioad. Crankshafts are made of forged steel. The forged crankshaft
is machined to produce the crankshaft bearing and conrtecting rod bearing surfaces. The
rod bearings are eccentric, or offset, from the center of the crankshaft as illustrated in
Figure 7. This offset converts the recipr_v,:ating (up and down) motion of the piston into
the rotary motion of the crankshaft. The amount of offset determines the stroke (distance
the piston travels) of the engine (discussed later).

The crankshaft doe: not ride directly on the cast iron block crankshaft supports, but rides
on special bearing material as shown in Figure 7. The connecting rods also have
bearings inserted between the crankshaft and the connecting rods. "I'l_ebearing material
is a soft alloy of metals that provides a replaceable wear surface and prevents galling
betwcen two similar metals (i.e., crankshaft and connecting rod). [_-tch bearing is split
into halves to allow assembly of the engine. The crankshaft is drilled with oil passages
that allow the engine to feed oil to each of the crankshaft bearings and connection rod
bearings and rtp into the connecting rod itself.

The crankshaft has large weights, called counter weights, that balance the weight of the
connecting rods. These weights ensure an even (balance) force during tile rotation of
the moving parts.
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Figure 7 Diesel Engine Crankshaft and Bearings

Flywheel

The flywheel is located on one end of the crankshaft and serves three purposes. First,

through its inertia, it reduces vibration by smoothing out the power stroke as each
cylinder fires. Second, it is the mounting surface used to bolt the engine tip to its load.
Third, on some diesels, the flywheel has gear teeth around its perimeter that all,_w the
starting motors to engage and crank the diesel.

Cylinder Heads and Valves

A diesel engine's cylinder heads perform several functions. First, they provide the top
seal for the cylinder bore or sleeve. Second, they provide the structure holding exhaust
valves (and intake valves where applicable), the fuel injector, and necessary linkages.
A diesel engine's heads are manufactured in one of two ways. In one method, each
cylinder has its own head casting, which is bolted to the block. This method is used
primarily on the larger diesel engines. In the second method, which is used on smaller
engines, the engine's head is cast as one piece (multi-cylinder head).

Diesel engines have two methods of admitting and exhausting gasses from the cylinder.
They can use either ports or valves or a combination of both. Ports are slots in the
cylinder walls located in the lower 1/3 of the bore. See Figure 2 and Figure 3 for
examples of intake ports, and note their relative location with respect to the rest of the
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engine. When the piston travels below the level of the ports, the ports are "opened" and
fresh air or exhaust gasses are able to enter or leave, depending on the type of port.

The ports are then "closed" when the HARDENEDCOLLET .......
piston travels back above the level of GROOVES _, / TlP ,.

,. /' %.....

the ports. Valves (refer to figure 8, _::i_ it!_fI

are mechanically opened and closed to

admit or exhaust the gasses as needed. 1-1

The valves are located in the head I i t

casting of the engine. The point at STEM .....

which the valve seals against the head
is called the valve seat. Most t-
medium-sized diesels have either FILLET-, /

intake ports or exhaust valves or both ,/ \," \ / /

intake and exhaust valves. (, ( _ ,,

Timing Gears, Camshaft, and SEAT-
Valve Mechanism HARDEN_-D FACE

In order for a diesel engine to Figure 8 Diesel EngineValve
operate, ali of its components must
perform their functions at very precise intervals in relation to the motion of the piston.
To accomplish this, a component called a camshaft is used. Figure 9 illustrates a
camshaft and camsilaft drive gear. Figure 2 and Figure 3 illustrate the location of a
camshaft in a large overhead cam diesel engine.

CAMSHAFT
A camshaft is a long _, SUPPORT

bar with egg-shaped ,/_,,>_ j__t]_

eccentric lobes, one _{-__ \/'/ '/" ___ I _
lobe for each valve and _o ,

fuel injector (discussed CAMSHAFT

later) Each lobe has a .... ,. /.¢-.. BEARINCJORNALS
follower as shown on

canashaft is rotated the ._ .... .... c %
RHlower is forced up _- - _- _.,© •

and down as it lollows LOBES _g:J/ 0 _ @/li
the profile of the cam _/_ (_,
lobe. The followers are .._,_:_>_1 o" ,<r"......---- _<A I .,.;:::C
connected to the DRIVE ........ '" __=e \ !_._:::/::r
engine's valves and fuel GCAR .._ _,:,.._._,,/..->_,,-,r-
injectors through
various types of
linkages called pu._'hrods Figure 9 Diesel Engine Camshaft and Drive Gear

and rocker arms. The
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pushrods and rocker arms transfer the reciprocating motion generated by the camshaft
lobes to the valves and injectors, opening and closing them as needed. The valves are
maintained closed by springs.

As the valve is opened by the camshaft, it compresses the valve spring. The energy
stored in the valve spring is then used to close the valve as the camshaft lobe rotates out
from under the follower. Because an engine experiences fairly large changes ill
temperature (e.g., ambient tna normal running temperature of about I90°F), its
components must be designed to allow for thermal expansion. Therefore, the valves,
valve pushrtxls, and rocker arms must have some lnethod of allowing for the expansion.
This ,s accomplished by the use of valve lash. Valve lash is the term given to the
"slop" or "give" in the valve train before the cam actually starts to open the valve.

The camshaft is driven by ROCKERARM
the engine's crankshaft _
through a series of gears \ ................- .........L.--2.---......:, -.---<_--i -

VALVE KEEPER( /'/..< ...... ,(_ ,,,-_-_.

called idler gears and _t(_ i1]
, t .......-. f(-"_ t II

timing gears. The gears _',, ff'k ".4&. _-' -L_
allow the rotation of the VALVE _ _ _:_-:_1I [5t

carnshaft to correspond or SPR'"G"_t _' k--_ [L
be in lime with, the VALVE...-_.1 I_ 1-------1 tl _ .....PUS,ROD
rotation of the crankshaft <::-::.1IF--\ ) H
and thereby allows the ,.rAKE.......",JLl "'--"

'--_"---- \) )/-.valve opening, valve
"1 JI v""l HEAO CA_

t I FOLLOWER
closing, and injection of ___[-_-_-:::.... :::::::h_

fucltobctimedtoocct, rat _[ _ -li

precise intervals in the
t)iston's travel. To r...........................]-- .."
increase the flexibility in . -...._...........' JI_ \, CAM

timing tlae valve openin,,, P,STO':_y_-_..-___. ;_. )valve closing, and injection
of fuel, and to increase CAMLOBE
power or to reduce cost,
allengine may have ()lte Of Figure 10 Diesel Engine Valve Train

rn o r e c a m s h a f t s.

Typically, in a mediunl to large V-type engine, each bank will have one or more
camshafts per h_td. In the larger engines, the intake valves, exhaust valves, and fuel
injectors may share a common canlshaft or have independent camshafts.

Depending on the type and make of the engine, the location of the can'|shaft or shafts
varies. The camshaft(s) in an in-line engine is usually found either in the head of the
engine or in the top of the block running down one side of the cylinder bank. Figure 10
provides an example of an engine with the camshaft located on the side of the engine.
Figure 3 provides an example of an overhead cam arrangement as on a V-type engine.

On small or mid-sized V-type engines, the camshaft is usually located in the block at the
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center of the "V" between the two banks of cylinders. In larger or multi-camshafted V-
type engines, the camshafts are usually located in the heads.

Blower

The diesel engine's Mower is part of the air intake system and serves to compress the
incoming fresh air lhr delivery to the cylinders for combustion. The location of the
blower is shown on Figure 2. The blower can be part of either a turbocharged or
supercharged air intake system. Additional information ota these two types of blowers
is provided later in this module.

Diesel Engine Support Systems

A diesel engine requires tive supporting systems in order to operate: ctx)ling, lubrication, fuel
injection, air intake, and exhaust. Depending on the size, power, and application of the diesel,
these systems vary in size and complexity.

Engine Coolin_

PRESSURE
Nearly ali diesel CAP INLET
engines rely on a / HOSE

liquid coolirtg ///ADIATOR / THERMOSTAT AFTERCOOLER

system tO transfer -_"/----1L HOUSING / TO THERMOSTAT

the block and / I THERmOSTATII/ / ../ HEAD
internalsas shown ,\

in Figure 11. The 1_ _
OIL

cooling systel11 I [._ c_L_<___._/COOLE Rconsists of a closed /

hx, p similar to that '!'/ _ _ _ lof a car engine and COOLANT/ t"I"
c o n t a i n s t 11 e PUI,IP

following major

conlponents: water
pump, radiator or _ _'--"W
heat exchanger, L..water jacket (which
consists of coolant /
passages in the COOLANTMANIFOLD
block and heads) INTEGRALOf' CYLINDERBLOCK
and a thermostat.

Figure I1 Diesel Engine Cooling System

M E-0 ! Page 12 Rev. 0



Diesel Engine Fundamentals DOE-HDBK-lOI8/I-93 DIESEL ENGINES

Engine Lubricatio__nn

An internalcombustionengine would not run for even a few minutes if the moving parts
were allowed to make metal-to-metalcontact. The heat generated due to the tremendous
amountsof friction would melt the metals, leading to the destruction of the engine. To
prevent this, ali moving parts ride on a thin film of oil that is pumped between all the
moving parts of the engine.

Once betweenthc .noving parts, the oil serves two purposes. One purpose is to lubricate
the bearing surfaces. The other purpose is to cool the bearings by absorbing the friction-
generated heat. The flow of oil to the moving parts is accomplished by the engine's
internal lubricating system.

OiL FILT_P.

I
POCKET

DRAIN TO
CAM POCKETS

OIL FROM
MAIN GALLERY

CAM POCKET

OIL ORAl" TO oILDPLAII_ TO

OIL DRAIN
FROM BLOWER 40 PSI DIFF. PRESSURE

OIL COOLER BYPASS VALVE

DRAIN TO
OIL PAN

50 PSI

OIL-PRESSURE
REGULATOR VALVE

I FILTER
PUMP

18-21
DIFF. PRESSURE INLET SCREEN
FILTER BYPASS

VALVE

Figure 12 Diesel Engine Internal Lubrication System
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Oil is accumulated and stored in the engine's oil pan where one or more oil pumps take
a suction and [,ump the oil through one or more oil filters as shown in Figure 12. The
filters clean the oil and remove any metal that the oil has picked up due to wear. The
cleaned oil then flows tlp into the engine's oil galleries. A pressure relief valve(s)
maintains oil pressure in the galleries and returns oil to the oil pan upon high pressure.
The oil galleries distribute the oil to all the bearing surfaces in the engine.

Once the oil has cooled and lubricated the bearing surfaces, it flows out of the bearing
and gravity-flows back into the oil pan. In medium to large diesel engines, the oil is also
cooled before being distributed into the block. This is accomplished by either an internal
or external oil cooler. The lubrication system also supplies oil to the engine's governor,
which is discussed later in this module.

Fuel System

Ali diesel engines require a method to store and deliver fuel to the engine. Because
diesel engines rely on injectors which are precision components with extremely tight
tolerances and very small injection hole(s), the fuel delivered to the engine must be
extremely clean and free of contaminants.

The fuel system must, therefore, FUELINJECTORS
not only deliver the fuel but also ,7
ensure its cleanliness. This is _

usually accomplished through a ....... J " ,'li
rf, ._ _-s" 'lr RETURN TO

series of in-line filters _ :t{_,,i. , ; I, . ,'J _,.l'o/ !_]t.::, :::._.: TANK• i';'i" '_ i' ", ' i 11111 FUEL STORAGE
Commonly, the fuel will be _'

:1/:,'_ -;_ :: _' l_ - FROM FUELfiltered once outside the engine _ _: .__,
and then the fuel will pass through ' ,,,: _ :.5,_.! " STORAGE

at least one more filter internal to , 'i.' _ i' "" FUELiI ,
the engine, usually located in the i F_LTER '
fuel line at each fuel injector. " FUEl

PUMP ,,,/'

In a diesel engine, the fuel system / "
is much more complex than the
fuel system on a simple gasoline
engine because the fuel serves two Figure 13 Diesel Engine Fuel Flowpath

purposes. One purpose is
obviously to supply the fuel to run the engine; the other is to act as a coolant to the
injectors. To meet this second purpose, diesel fuel is kept continuously tlowing through
the engine's fuel system at a flow rate much higher than required to simply run the
engine, an example of a fuel flowpath is shown in Figure 13. The excess fuel is routed
back to the fuel pump or the fuel storage tank depending on the application.
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Air Intake System

Because a diesel engine requires close tolerances to achieve its compression ratio, and
because most diesel engines are either turbocharged or supercharged, the air entering the
engine must be clean, free of debris, and as cool as possible. Turbocharging and
supercharging are discussed in more detail later in this chapter. Also, to improve a
turbocharged or supercharged engine's efficiency, the compressed air must be cooled
after being compressed. The air intake system is designed to perform these tasks.

Air intake systems vary greatly

from vendor to vendor but are (_ ::ii:_:_iii ii iii_usually one of two types, wet or

dry. In a wet filter intake system, /__4

as shown in Figure 14, the air is
sucked or bubbled through a
housing that holds a bath of oil
such that the dirt in the air is i il............_7 ,7-f.........
removed by the oil in the filter. . -,: ,:.' , ,, ....,. -_.......

"Fhe air theft flows through a __ i,i___i!,
screen-type material to ensure any i

entrained oil is removed from tlm _t , _;_l !-CLEAN
air. In a dry filter system, paper, _'ga-hT_]l I [Ig_,_' i AtRTO

cloth, or a metal screen material is eACk,N¢ _t
usedto catchand trap dirt before I_ATERIAL
it enters the engine (similar to the r

type used in automobile engines).

In addition to cleaning the air, tlae __r,[i,.,i ..... ,l[_i!;
> ?,t:-,intake system is usually designed '"_!t" i

to intake fresh air from as tar b \_,.i !ii

away from the engine as O,L. _!_[?__:.___.;,-_-"<.J

practicable, usually just outside of LEVEL _--!_ --/':-<7"-"_the engine's building or enclosure. --_-_-:-!:!-!!.:-
This provides the engine with a ............:::..............=.........:_..:_:.--*
supply of air that has not been
heated by the engine's own waste
heat. Figure14 OilBathAir Filter

The reason for ensuring that an engine's air supply is as cool as possible is that cool air
is tnore dense than hot air. This means that, per unit volume, cool air has more oxygen
than hot air. Thus, cool air provides more oxygen per cylinder charge than less dense,
hot air. More oxygen means a more efficient fuel burn and more power,
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After being filtered, the air is routed by the intake system into the engine's intake
manifold or air box. The manifold or air box is the component that directs the fresh air
to each of the engine's intake valves or ports. If the engine is turbocharged or
supercharged, the fresh air will be compressed with a blower and possibly cooled before
entering the intake manifold or air box. The intake system also serves to reduce the air
flow noise.

Turbocharging

Turbocharging an engine occurs when the engine's own exhaust gasses are forced
through a turbine (impeller), which rotates and is connected to a second impeller
located in the fresh air intake system. The impeller in the fresh air intake system
compresses the fresh air. The compressed air serves two functions. First, it
increases the engine's available power by increasing the maximum amount of air
(oxygen) that is forced into each cylinder. This allows more fi_el to be injected
and more power to be produced by the engine. The second function is to increase
intake pressure. This improves the scavenging of the exhaust gasses out of the
cylinder. Turbocharging is commonly found on high power four-stroke engines.
lt can also be used on two-stroke engines where the increase in intake pressure
generated by the turbocharger is required to force the fresh air charge into the
cylinder and help force the exhaust gasses out of the cylinder to enable the engine
to run.

Supercharging

Superchar+ing an engine perl'brms the same function as turbocharging an engine.
The difference is the source of power used to drive the device that compresses the
incoming fresh air. In a supercharged engine, the air is commonly compressed
in a device called a blower. The blower is driven through gears directly from the
engines crankshaft. The most common type of blower uses two rotating rotors
to compress the air. Supercharging is more commonly found on two-stroke
engines where the higher pressures that a supercharger is capable of generating
are needed.

Exhaust System

The exhaust system of a diesel engine performs three functions. First, the exhaust
system routes the spent combustion gasses away from the engine, where they are diluted
by the atmosphere. This keeps the area around the engine habitable. Second, the
exhaust system confines and routes the gasses to the turbocharger, if used. Third, the
exhaust system allows mufflers to be used to reduce the engine noise.
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_O_perational Terminology_

Before a detailed operation of a diesel engine can be explained, several terms must be defined.

Bore and Stroke

Bore and slroke are terms used to define tile size of an engine. As previously slalc_],
bore refers lo the diameter of the engine's cylinder, and stroke refers to the distance the
piston travels from the top of the cylinder to the bottom. The highest t×fintof travel by
the piston is called top dead center (TDC), and the lowest point of travel is called I,oltom
dead center (BI)C). There are 180"ot' travel between '1"I)': and BI)(7, or unc stroke.

!_n_gjne Displacement

Engine displacement is one of the terms used to compare one engine to another.
Displacement refers to the total volume displaced by all the pistons during one stroke.
The displacement is usually given in cubic inches or liters. To calculate the displacement
of an engine, the volume of one cylinder must be determined (vohlme of a cylinder =
(-xr2)h where h = the stroke). The volume of one cylinder is multiplied by the number
of cylinders to obtain the total engine displacement.

l)egree ot' Crankshaft Rotation

Ali events ltlal occur in an engine are related to the location of the piston. Because the
piston is connected to the crankshaft, any location of lhc piston corresponds directly to
a specific number of degrees of crankshaft rotation.

Location of the crank can then be stated as XX degrees before or XX degrees after top
or bottom dead center.

Firing Order

t,Trin,,,order refers to the order in which t.:achof the cylinders in a multicylindcr engine
fires (power stroke). For example, a fl_ur cylinder engine's firing order couh:l be
1-4-3-2. This means that the number I cylinder fires, then the number 4 cylinder fires,
then the number 3 cylinder fires, and so on. Engines are des;gned so that lhc power
strokes are as uniform as ixgssible, that is, as the crankshaft rotates a certain number _f
degrees, one of the cylinders will go through a power stroke. This reduct.:svihr,ttion and
allows the power generated by the engine to be applied lo the load in a smoother fashion
than if they were ali to fire at once or in c_:ldmultiples.
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Compression Ratio and Clearance Volume

Clear_mce volume is the volume remaining in the cylinder when the piston is at TDC.
Because of the irregular shape of the combustion chamber (volume in the head) the
clearance volume is calculated empirically by filling the chamber with a measured
amount of fluid while the piston is at TDC. This volume is then added to the
displacement volume in the cylinder to obtain the cylinders total volume.

An engine's compression ratio is determined by taking the volume of the cylinder with
piston at TDC (highest point of travel) and dividing the volume of the cylinder when the
piston is at BDC (lowest point of travel), as shown in Figure 15. This can be calculated
by using the following formula:

displacement volume + clearance w__lumcCompression Ratio =
cleararlce volume

i..!i.i_,.,,,z! lli.. if:.... i ..... )-_! _i!il .... ti 'i..... l:.i _ i.Wi _ UHLI, iVOtU_E t

1 6 tJNIT

VOLUMES

I

!

Figure 15 C_mlprcs_ion Ratit_

llorsepower

l_o\vcr is the _urlouilt _1 work done pcr tinil tilllC or the relic _._l"ttt_i_lgwork. For _ldic.<,cl
erlgirle, po,,vcr is niicd iri uriils til Ililrscl-_owcr. lmli_'_tt_'d Jlol'._('l)Ott'dr is the p_,,,,ur

tr_lnsinillcd to lhc pisions h,,; lhc,_,,,t._in lhc cvliiidt.'rs ;tnd i._ ilaathc'n]_ltic_illyc'_llctil_ttcd.
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Brake hor_epower refers to the anaount of usable power delivered by the engine to tile
cranksh_llt, llldicatud horsepower can be as much as 15% higher than brake horsepower.
The difference is due t() internal engine friction, combustion inefficiencies, and parasitic

losses, for example, oil frump, blower, water pump, etc.

The ratio of an engine's I')lake horsepower and its indicated hors, 9wer is called lhc
#m'c!mni('_d ¢[.'lic'iencvof the engine. The mechanical efficieacy of a four-cycle diesel ix
_boul X2 to cJ_)lwrcenl. This is slightly lower than lhc efficiency of lhc t,,vo-cycle diesel
cngiac. lllc l_),.vcr mechanical efficiency is due to the additional friction l_)sxcs und
power needed tc>dr_',c the pislon through the extra 2 stroke.'.;.

l?,nginc,,,arc ralod not t)lll5' in horsepower but also by lhc lorque lhey prodtk.'c, i'_)rqtu'
iS _.li11c_.lsliret)f the ciaginc's ability to apply the power ii is gcncr_t.tillg. 'l(.)rquc is
collii'rlonly g,i\'ell iri iiiills of lh-ft.
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Summary

The important inR_rmation in this chapter is summarized below.

Diesel Engines Sunlmary

• The compression ratio is the volume of the cylinder with piston at

TDC divided by the volume of the cylinder with piston at BDC.

• Bore is the diameter of the cylinder.

• Stroke is the distance the piston travels from TI)C to Ill)C, and is

deternlined by the ecceritricity of the crankshaft.

,, The conlbustion chamber is the w_lurrle of space where the fuel air mixture

is burrlcd in an engine. This is iri the cylirlder of the engine.

• The following comporlerlts wcrc discussed ariel iderltifie¢l orl at drawirlg.

a. Piston and rod

h. ('vlindcr

c. l:',lov,'c r

,d. ('rankshaft

e. llllakc ports or valve(s)

f, Ii;,xhausi porls or valve(s)

g. l'ucl iltj,,:'ctor
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FUNDAMENTALS OF THE DIESEL CYCLE
i i i

Diesel engines operate under the principle of the internal combustion eto,,ine.
7hen, are two basic types of diesel engines, two-ew'le and ./bur.cycle. An
under_tandin_ o,t"how each O,c'le operaws is n'quired to under,rand how t_
correctly operate and maint,ain a diesel engine.

EO 1.3 EXPLAIN how a diesel engine converls the chemical energy
stored in lhc diesel fuel into mechanical energy.

EO 1.4 EXPLAIN how lhc ignition process occm.'s in a diesel engine.

EO 1.5 EXPLAIN the operation oi"a 4-cycle diesel engine, including
when the following events occur during a cycle:

a. Intake
b. Exhaust

c. Fuel injection
d. Compression
e. Power

EO 1.6 EXPLAIN the operation of a 2-cycle diesel engine, inehtdin_
when the ft;liowing events occur during a cscle:

a. Intake
b. Exhaust

c. Fuel inject ion
d. Compression
e. Po_ver

iii i i iii i ii i

The Basic l)iesel Cycles

A diesel engine is a type of heat engine that uses the internal cc,mbustic, n l_roce,.,s tu _:onvert tlw
energy stored in the chemical bonds of the fuel into useful mechanical energy. Thi.,, uccur',, in

two steps, tzirst, the fuel reacts chemically (burns) and releases energ5 _ in the form ,af heal.
Second the heat causes the gasses trapped in the cylinder to expand, and the expanding gases.
being confined by the cylinder, must move the piston to expand. 'Fh¢ reciproc,uing motion of
the piston is then converted into rotational motion by the crankshaft.
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To convert the chemical energy of the fuel into useful mechanical energy ali internal combustiort
engines mu_t go through four events: intake, compression, lx_wer, and exhaust. How these
events arc timed and how they occur differentiates the various types of engines.

Ali diesel engines fall into one of two categories, two-stroke or four-stroke cycle engines. The
word cycle refers to any operation or series of events that rel._ats itself. In the case of a four-
stroke cycle engine, the engine requircs four strokes of the piston (intake, conlpression, l×_wer,
and exhaust) to complete one full cycle. Therefore, it requires two rotations of the crankshaft,
or 720 _-'of crankshaft rotation (360 '_ x 2) to complete one cycle. In a two-stroke cycle engine
the trellis (intake, compression, power, and exhaust) occur in only one rotation of the
cnmkshaft, or 360 °.

Timing

In the following discussion of the diesel cycle it is important to keep in mind the time
frame in which each of the actions is required to occur. Time is required to move
cxhattst gas out of the cylinder and fresh air in to the cylinders, to compress tile air, to
inject fuel, and to burn the fuel. If a lbur-stroke diesel engine is running at a constant
2100 revolutions per minute (rpm), the crankshaft would be rotating at 35 revolutions,
or 12,6(X)dcgrccs, per second. One stroke is complctcd in at.)otil ().()142 t) seconds.

The Four-Stoke Cycle

in a four-stroke engine the c,m_shaft is geared so that it rotates at half the speed of tile crankshaft
(I :2). This means that the crankshaft must make two complete revolutions before the camshaft
will complete one revolution. The following section will describe a four-stroke, normally
aspirated, diesel engine having both intake and exhaust valves with a 3.5--inch J)(._tt:and 4-inch
stroke with a 16:1 compressiot_ ratio, as it passes through one
complete cycle. We ,,,,'iii start on the intake stroke. Ali the
timing marks given arc generic and ,.,,,iii vary from engine to
engine. Refer to lvigures 1(), lO, and 17 during the following

,ks the piston moves upward and :,?preaches 28: bclbre -/ -
top dead center (t'I'I'I)(,), as measured by cranksht|ft
rotation, the c;mlshaft Iohc starts tt_ lift the cam follower.

l'his causes the i)ushrc_d to move ttpv,'ard and pivots the
rocker arm on lhc rocker z_rm shaft. As the valve htsh

is t;tkcn up, the rocker arm ptlshes the intake valve ................._:_,,
downward and the valve starts to open. The intake '_'_t_TArL
stroke now starts ,,vhilc the exhaust valve is still open.
'l'he flow of the exhaust gasscs ,,viii have created a low

Figure I0 Scavt!llgillL2 ;,uld Intake
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pressure condition within the cylinder and will help pull in the fresh air charge as shown
in figure It_.

The piston continues its upward travel through top dead center (TI)C) while fresh all

enters and exhaust gasscs leave. At about 12 _' after top dc;td center (NI'l)('), lilt..
camshaft cxhattst lobe rotates so that the exhaust valve will start to close. The valve i_,

fully closed at 23 ° ATI)C. This ix accornplished through the valve spring, which was

compressed when the valve was Ol)encd, lorcing lhc rocker arm ;.illd Call1 follo_,_,'cr back

,igainsl the canl lobe as it rotates. The time lramc during ,,vhicta both lhc int,lkc and

exhaust valves arc open ix called valve overlap (51 ° of overlap in this example) and is

necessary to allow the l'resh air to help scavenge (remove) the spent exhaust gasscs and
cool lhc cylinder. Ill tnt)st engines, 30 to 50 tirnes cylinder volume is scavenged through

the cylinder during overlap. Thi_ excess c(__! air also provides tlm necessary cooling

effect on lhc cng,no parts.

A,, the pist_lt passes TI)(' and begins to travel dowrl the cylinder bore, the movement of

lhc, l_ixton eltalcs a suction and continues to draw fresh air into the cylinder.

U_c__mpr t_'.',_si¢_1

..kt 35 after botttm_ dcatl center tAP, I)('), the intake valve

.,,tart.<, to close. At 43 ABI)C (or 137 _-' Bl'l)('), the

_nt,kc valve i_, tm its scat and ix fully closed. At this __.

['l,,int the air ch,irgt-' is at ,lt,rlllai prcsstirc (14.7 ps,a)and _.:i..2._1..[].!.:,/ ._
aillbicnl ,iii tcilll_t-uaturt.' (-8()"1:), ;.ts illustrated iii _ ,_
1 :ik',ll rc' l7.

AI abt_ti! 7(i 1_,'!'I)(', tile pist_m has lravelcd about 2. 125 l

inch,..,,. _r ab_itit half of it'_ ,,trl_ke, IlltlS rt-,.ll!lclng lhc /
f

vtllUlllc: lii lilt.' cylinder by half. Thc telllpi2raitlro h,e, now

th_til)l,.._l to -- l£_()!: alld l'nessure is -34 psia. *_ _ ,
i

ikt ai+tutl .l.1 l:',l'li(' thc piston has traveled upward 3.062 t .............
illchc'.<;til its stroke and the voluMe iXonce again halved. ;:,, ,-,-_urrer ,, ,,_

('t_il',cqticlltly, the tOlllperaturc again doubles to aboul

32() 1 _llld prc.'_surc ix -85 t)sia. When the piston tla._ FiTuic 17 ('t>nlplv.,._it,n
iia\c'lcd it> 3.530 inches of its stroke lhc volunlc ix agairl

li,liver, aild icinpt, rature rcacllc.,, --640°I _ and pressure 277 psia. When lhc pislon h,l,,

traveled lo 3.757 incht;s of its stroke, or the voluine is again halved, lhc teirlpt.'raiurc

cliinl:l'_ t(! 128()<'1_ and pressure reaches 742 ps,a. With a piston area of t-).t_l_:_iii:' lhc

I_rt-,ssure in ihv t-'ylindcr ix exert,rig a tt_rc'c of approxinlaicly 7135 lb. or 3-112 tons of
ltlrce.
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Tke above nun_bers are ideal and provide a got'_l example of what is occurring in an
engine during compression. In an actual engine, pre:;sures reack only about 690 psia.

This is due primarily to tile heat loss to tile surrourlding engixle p_lrts,

Fuel Inj(2_l i(]LI
FUIT-I.

l:uel in a liquid state is injected into the cylinder at : -.-t _!_- i

combustion pressure is tk_rced oil the piston neither i!i!i ._:_':_-I

F-too early nor too late, as skown in Figure i8. The

compressed air is present; however, it will only JILLburn when it is in a vaporized stale (attained

through the additiOll of heat to ¢_ltlSe vaporization) .,
and it_timately mixed with a SUpl_ly of oxygen.

The first mir_ute droplets of fuel enter tile (
_ jI

colnbustitm ch_ullber and are quickly vaporized ........................ ..

"l'he vstl'_orizatioil of lhc fuel c'[ltlSeS the air (._) i,_l.J[;c,ltOrq
stirrotiil(lill 7 the fuc.I til cool and ii rcquirt.'s lilllt.'

lor lhc air tri rehesil .,,tlll-iciU'llliy It_ igllite the
Val'lorized luel, tiul OllC.'t.' i_lliliilil tlll._ sl_.trlu'd, lhc I:iTur<, II,l l:u<.l In.ieclil,n

additional heat l'roill ct/illbtlSlit)ll helps to further
vaporizu, the lleW fuel eiitu'riilg lhc' c'htillll'ic'r, {1._long sis oxy_ell i_, present, l'uel

irijeelioil st_lrts at 214_ ll,Tl)( ' _lild t.'lld_, ,li 3 ATI)C" tht'refore, fuel is iiljeeled for
_i dilri.itioll oI 31".

l'owe r

Both ,.'ill_c <,_lre closed, and the fresh air clwr,Ae

has heel1 coilll_re.s._l.'d. The l'tlel hsls been inje< ,-d

aild is .stltriiilg lt) ['lurn. After tile piston passes _ I l( -,

TI)(,, he,tj is r,ipidly released by the it_,.nition of the AIR --7 ', -] iifuel, c.'ausii_ig a rise in cyliilder pressure. !,

('olrll'_u_,lion lcllllx'rllluros ,ire iiround 2336':;1:. _, ' iiiL
'l'his rise iii pressure tillees the liiston di)wilw'ard !"

aild iilcrf:_ls¢._ the force on the c'r_li_ksll_tlt for thL, I <power stroke sis illustrated in l:igiire ICi.

The ¢llel_.y gt'ilcraltxI by the c.'llllltltlMiOll l)it_cc'kx iS

llOl ali t_iarnt.'s._ed. In a two stroke diesel C'ilTinc'.
truly abtlut 38% til" lhc gl.'i_¢ratc'd llOv,c'r is .....

harnes.sed lo cltl work, _lbout 30% is wasic'd iii lhc (,; 7_OV.¢ER
I'orlll til hellt reiecled t_ tke c'tltllillg _,y,,lelll, Siild

slboLit 32 % ii_ tk¢ lorlll of h¢_,-lli_ rcjec:led otil the

exhaust. In coilll)arisoi_, the fOtll'-_,lrok¢ diesel FiTure 10 Pt,_vc,r
¢llgillo hlls _.liherlllal dJstrJl'lutitln of .Jt_<",. ,ivCOllVC'.lted
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to useful work, 28% heat rejected to the cooling system, and 30% heat rejected
out the exhaust.

Exha ,tj_ft!

As the piston apl)roaches 48" BBDC, the cain of tile ' " ',.
exhaust lobe starts to force the follower upward, causing _,1_ -_'--_i.IJ.i..... c×H_,usr

the exhaust valve to lift off its seat. As shown in -Ifl[lI' _-_ -'
Figure 20, the exhaust gasscs start to flow out the exhaust _"_l[_,.,,_

valve due to cylinder pressure and into the exhaust _[i(: i__

manifold. After passing BDC, the piston moves upward
and accelerates to its maximum speed at 63 ° BTDC. |

From this point on the piston is decelerating. As the ,___j_ ,Lpiston speed slows down, the velocity of the gasses t__. -- i;flowing out of the cylinder creates a pressure slightly "
lower than atmospheric pressure. At 28 ° BTDC, the (5) EXH_,UST
intake valve opens and the cycle starts again.

The Two-Stroke C)'cle Fi_u,_:2t) Exhaust

l.ike the four-stroke engine, the two-stroke engine must go
through the same lk_urevents: intake, compression, power, and exhaust. But a two-stroke engine
requires only tv,o strokes of the piston to complete one full cycle. Therefore, it requires only
one rotation of the crankshaft to complete a cycle. This means several events must occur during
each stroke for ali lbur events to be completed in two strokes, as opposed to the four-stroke
engine where each stroke basically contains one event.

In a two-stroke engine the camshaft is geared so that it rotates at the same speed as the
crankshaft _ll ). The following section will describe a two-stroke, supercharged, diesel engine

1 having intake ports and exhaust valves with a 3.S-inch bore and 4-inch stroke with a 16:1
compression ratio, as it passes through one complete cycle. We will start on the exhaust stroke.
Ali the timing marks given are generic and will vary from engine to engine.

Exhaust and Intake

At 82 ° AI'I)C, with the piston near the end of its power stroke, the exhaust cam begins
to lift the exhaust valves follower. The valve lash is taken tip, and 9 ° later (91 ° ATDC),
the rocker arm forces the exhaust valve off its seat. The exhaust gasses start to escape
into the exhaust manifold, as shown in Figure 21. Cylinder pressure starts to decrease.

After the piston travels three-quarters of its (down) stroke, or 132 ° ATDC of crankshaft
rotation, the piston starts to uncover the inlet ports. As the exhaust valve is still open,
the uncovering of the inlet tx)rts lets the compressed fresh air enter the cylinder and helps
cool the cylinder and scavenge the cylinder of the remaining exhaust gasses (Figure 22).
Commonly, intake and exhaust occur over approximately 96 ° of crankshaft rotation,

Rev. 0 Page 25 ME-01



DOE-HDBK-IOI8/I-93

FUNDAMENTALS OF THE DIESEL CYCLE Diesel Engine Fumlament.L_,
L I II lillllll Illill iRI IR II II i II

At 43° ABDC, the camshaft starts to close the exhaust valve. At 53° ABDC (117°
BTDC), the camshaft has rotated sufficiently to allow the spring pressure to close the
exhaust valve. Also, as the piston travels past 48°ABDC (5° after the exhaust valve
starts closing), the intake ports are closed off by the piston.

, i

'i

_'e # I

[ V-3

....... ; SCAVENCI_C,_

EXHAUST AND INTAKE j

Figure "_|,. 2-Slrokc Exhau_l Fi_ure_,.,_'_'_2-Slroke Inlak¢

Compression

After the exhaust valve is on its seat (53 ° NI'DC), the temperature and pressure begin
to rise in nearly the same fashion as in the four-stroke engine. Figure _ illustn_tc,,the
compression in a 2-stroke engine. At 23° BTDC the injector cam begins to lll_ the
injector follower and pushrod. Fuel injection continues until 6_-'BTDf' (17 total degrees
of injection), as illustrated in Figure 24.
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I FUEL i

COMPRESSION  NJECT ON

Figure 2.3 2-Stroke Compression Figure 24 2-Stroke Fuel Injection

Power

r..

The power stroke starts after the piston passes TDC. I'-l@_-!__

Figure 25 illustrates the power stroke which continues
until the piston reaches 91 ° ATDC, at which point the
exhaust valves start to open and a new cycle begins !

POWEP,

Figure 25 2-Stroke Power
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Summary

The important information in this chapter is summarized below.

Fundamentals of the Diesel Cycle Summary

• Ignition occurs in a diesel by injecting fuel into the air charge which has been
heated by cotnpression to a temperature greater than the ignition point of the
fuel.

• A diesel engine converts the energy stored in the fuel's chemical bonds into
mechanical energy by burning the fuel. The chemical reaction of burning the
fuel liberates heat, which causes the gasses to expand, forcing the piston to
rotate the crankshaft.

• A four-stroke engine requires two rotations of the crankshaft to complete one
cycle. The event occur as follow_:

Intake - the piston passes TDC, the intake valve(s) open and the fresh air is
admitted into the cylinder, the exhaust valve is still open for a few degrees
to allow scavenging to occur.

Compres,,;ion - after the piston passes BDC the intake valve closes and the
piston travels up to TDC (completion of the first crankshaft rotation).

Fuel injection - As the piston nears TDC on the compression stroke, the
fuel is injected by the injectors an ,_e fuel starts to burn, further heating
the gasses in the cylinder.

Power - the piston passes TDC and the expanding gasses force the piston
down, rotating the crankshaft.

Exhaust - as the piston passes BDC the exhaust valves open and the
exhaust gasses start to flow out of the cylinder. This continues as the
piston travels up to TDC, pumping the spent gasses out of the cylinder. At
TDC the second crankshaft rotation is complete.
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Fundamentals of the Diesel Cycle Summary (Cont.)

* A two-stroke engine requires one rotation of the crankshaft to complete one
cycle. The events occur as follows:

Intake - the piston is near BDC and exhaust is in progress. The intake
valve or ports open and the fresh air is forced in. The exhaust valves or
ports are closed and intake continues.

Compression - after both the exhaust and intake valves or ports are
closed, the piston travels up towards TDC. The fresh air is heated by the
compression.

Fuel injection - near TDC the fuel is injected by the injectors and the fuel
starts to burn, further heating the gasses in the cylinder.

Power - the piston passes TDC and the expanding gasses force the piston
down, rotating the crankshaft.

Exhaust - as the piston approaches BDC the exhaust valves or ports open
and the exhaust gasses start to flow out of the cylinder.
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DIESEL ENGINE SPEED, FUEL CONTROLS,
AND PROTECTION

I

Understanding how diesel engines are controlled and the types of protective
instrumentation available is important for a complete understanding of the
operation of a diesel engine.

EO 1.7 DESCRIBE how the mechanical-hydraulic governor on a
diesel engine controls engine speed.

EO 1.8 LIST five protective alarms usually found on mid-sized and
larger diesel engines.

Engine Control

The control of a diesel engine is accomplished through several components: the camshaft, the
fuel injector, and the governor. The camshaft provides the timing needed to properly inject the
fuel, the fuel injector provides the component that meters and injects the fuel, and the governor
regulates the amount of fuel that the injector is to inject. Together, these three major
components ensure that the engine runs at the desired speed.

Fuel Injectors

Eacil cylinder has a fuel injector designed to meter and inject fuel into the cylinder at the proper
instant. To accomplish this function, the injectors are actuated by the engine's camshaft. The
canashaft provides the timing and pumping action used by the injector to inject the fuel. The
injectors meter the amount of fuel injected into the cylinder on each stroke. The amount of fuel
to be injected by each injector is set by a mechanical linkage called the fuel rack. The fuel rack
position is controlled by the engine's governor. The governor determines the amount of fuel
required to maintain the desired engine speed and adjusts the amount to be injected by adjusting
the position of the fuel rack.

_ach injector operates in the following manner. As illustrated in Figure 26, fuel under pressure
enters the injector through the injector's filter cap and filter element. From the filter element
the fuel travels down into the supply chamber (that area between the plunger bushing and the
spill deflector). The plunger operates up and down in the bushing, the bore of which is open
to the fuel supply in the supply chamber by two funnel-shaped ports in the plunger bushing.
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FOLLOWER .....

)_ . FOLLOWER....." SPRING
/J J/

Figure 26 Fuel Injector Cutaway
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The motion of the injector rocker arm (not shown) is transmitted to the plunger by the injector
follower which bears against the follower spring. As the plunger moves downward under
pressure of the injector rocker arm, a portion of the fuel trapped under the plunger is displaced
into the supply chamber through the lower port until the port is closed off by the lower end of
the plunger. The fuel trapped below the plunger is then forced up through the central bore of
the plunger and back out the upper port until the upper port is closed off by the downward
motion of the plunger. With the upper and lower ports both closed off, the remaining fuel under
the plunger is subjected to an increase in pressure by the downward motion of the plunger.

When sufficient pressure has built up, the injector valve is lifted off its seat and the fuel is
forced through small orifices in the spray tip and atomized into the combustion chamber. A
check valve, mounte, t in the spray tip, prevents air in the combustion chamber from flowing
back into the fuel injector. The plunger is then returned back to its original position by the
injector follower spring.

On the return upward movement of the plunger, the high pressure cylinder within the bushing
is again filled with fresh fuel oil through the ports. The constant circulation of fresh, cool fuel
through the injector renews the fuel supply in the chamber and helps cool the injector. The fuel
flow also effectively removes ali traces of air that might otherwise accunaulate in the system.

The fuel injector outlet opening, through which the excess fuel returns to the fuel return
manifold and then back to the fuel tank, is adjacent to the inlet opening and contains a filter
element exactly the same as the one on the fuel inlet side.

In addition to the reciprocating motion of the plunger, the plunger can be rotated during
operation around its axis by the gear which meshes with the fuel rack. For metering the fuel,
an upper helix and a lower helix are machined in the lower part of the plunger. The relation
of the helices to the two ports in the injector bushing changes with the rotation of the plunger.

Changing tlm position of the helices, by rotating the plunger, retards or advances the closing of
the ports and the beginning and ending of the injection period. At the same time, it increases or
decreases the amount of fuel injected into the cylinder. Figure 27 illustrates the various plunger
positions from NO LOAI) to FULL LOAD. With the control rack pulled ali the way (no
injection), the upper port is not closed by the helix until after the lower port is uncovered.
Consequently, with the rack in this position, ali of the fuel is forced back into the supply
chamber and no injection of fuel takes piace. With the control rack pushed ali the way in (full
injection), the upper port is closed shortly after the lower port has been covered, thus producing
a maximum effective stroke and maximum fuel injection. From this no-injection position to the
full-injection position (full rack movement), the contour of the upper helix advances the closing
of the ports and the beginning of injection.
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Figure 27 Fuel Injector Phmger
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Governor

Diesel engine speed is controlled solely by the amount of fuel injected into the engine by the
injectors. Because a diesel engine is not self-speed--limiting, it requires not only a means of
changing engine speed (throttle control) but also a means of maintaining the desired speed. The
governor provides the engine with the feedback mechanism to change speed as needed and to
maintain a speed once reached.

A governor is essentially a speed-sensitive device, designed to maintain a constant engine speed
regardless of load variation. Since ali governors used on diesel engines control engine speed
through the regulation of the quantity of fuel delivered to the cylinders, these governors may be
classified as speed-regulating governors. As with the engines themselves there are many types
and variations of governors. In this module, only the common mechanical-hydraulic type
governor will be reviewed.

The major function of the governor is determined by the application of the engine. In an engine
that is required to come up and run at only a single speed regardless of load, the governor is
called a constant-speed type governor. If the engine is manually controlled, or controlled by an
outside device with engine speed being controlled over a range, the governor is called a variable-
speed type governor. If the engine governor is designed to keep the engine speed above a
nfininaum and below a nlaximum, then the governor is a speed-limiting type. The last category
of governor is the load limiting type. This type of governor limits fuel to ensure that the engine
is not loaded above a specified limit. Note that many governors act to perform several of these
functions simultaneously.

Operation of a Governor

The lk_llowing is an explanation of the operation of a constant speed, hydraulically compensated
governor using the Woodward brand governor as an example, The principles inw_lved are
common in any mechanical and hydraulic governor.

The Woodward speed governor operates the diesel engine fuel racks to ensure a constant engine
speed is maintained at any load. The governor is a mechanical-hydraulic type governor and
receives its supply of oil from the engine lubricating system. This means that a loss of lube oil
pressure will cut off the supply of oil to the governor and cause the governor to sl'mt down the
engine. This provides the engine with a built-in shutdown device to protect the engine in the
event of loss of lubricating oil pressure.
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Simplified Operation of the Governor

The governor controls the fuel rack position through a combined action of the hydraulic

piston and a set of mecimnical flyweights, which are driven by the engine blower shaft.

Figure 28 provides an illustration of a functional diagram of a mechanical-hydraulic

governor. "Fhc position of the flyweights is determined by the speed of the engine. As
the engine speeds up or down, the weights move in or out. The movement of the

flyweights, due to a change in engine speed, moves a small piston (pilot valve) in the

governor's hydraulic system. This motion adjusts flow of hydraulic fluid to a large

hydraulic piston (servo-motor piston). The large hydraulic piston is linked to the fuel
rack and its motion resets the fuel rack for increased/decreased fuel.

_( _j I:LI,',I ii'!!!
FLYWEOttfS

_, ,....m_L .,...TOFUEl.
.: 11 ,il_ !! " ii R^CK_t; IV::_I .-II
:-"-'"';[11{i : "' BUFFER J/

li "' PISTON [dMI_:Ii

i ' OL TRAPPED - :

HIGHPREq':,URE it i 11 " ' '_
..... ;-r "I _'- i PISION

OILFLOW ,,- .......,-" UNDERBUFFER

BLOC,.ED f i .... !." ._
ii. LI.L! .L ."._

!i:il.:t ii-:-!:'-__ _,_i
!

BLOCKED

ii' "{1 TRAPP[[,OIL
HIGHPRESSURE [.I II BLEEDSOFF

OILFLOW_ ....1,,_, J:|{ SPRINGDEPRESS

i

HIGHPRESSL,RE !.Ii"IIOIL PRESSUREIii"';OILFLOW .... _ . I.t BUFFEt,'PISlONlitr_V-r_I

TOBUFFER-" !['t: "t soR,._;[tll[ll,l"l.I'_-,....--"

Figure 28 Simplified Mechanical-Hydraulic Governor
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Detailed Operation of the Gov_e_rnor

With the engine operating, oil from the engine lubrication system is supplied to the
governor pump gears, as illustrated in Figure 29. The pump gears raise the oil presstlre
to a value determined by the spring relief valve. The oil pressure is maintained in the
annular space between the undercut portion of the pilot vaive phmger and the bore in the
pilot valve bushing. For any given speexl setting, the spring speeder exerts a force that
is opposed by the centrifltgal force of the revolving flyweights. When the two forces are
equal, the control land on the pilot valve plunger covers the lower ports in the pilot valve
bushing.

! , i ...... i ,

_)t t_|- T -SP[_[)
AD ,it TO F'LJEL ---

- -- "_ Nrl') _.41! Ii ))q

'' L _ M F'L t,l_A | Ir'lI_
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"7P,.) It.tG sPr[DEq

.... • " ,. ........... ,.o._...

m_C,TV_LVEit't:J_.,..t,-.' ';i "*' L;'"'°'

3.

• _---_j-- _

vq _'j I VA _E N _ (.[ tVltl_._

l .... i
till i'R(-._M FtI[,IH[ . '. ". '.' REC, Ut. ATILIG (1R,_PPED) tOlL

, t t :

i ......} ....P_L%L-,III.2E (_)lt. : D"2&ltl 01_

Figure 29 Cutaway ()t it Woodward Governor
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Under these conditions, equal oil pressures are maintained on both sides of the buffer

piston and tension on the two buffer springs is equal. Also, the oil pressure is equal oll
both sides of the receiving compensating land of the pilot valve plunger due to oil passing
through the compensating needle valve. Thus, the hydraulic system is in balance, and
the engine speed remains constant.

When the engine load increases, the engine starts to slow down in speed. The reduction
in engine speed will be sensed by the governor flyweights. The flyweights are forced
inward (by the spring), thus lowering the pilot valve phmger (again, due to the
downward spring force). Oil under pressure will be admitted under the servo-motor

piston (topside of the buffer piston) causing it to rise. This upward motion of the servo-
motor piston will be transmitted through the terminal lever to the fuel racks, thus
increasing the amount of fuel injected into the engine. The oil that lbrces the servo-
motor piston upward also forces the buffer piston upward because the oil pressure on
each side of the piston is unequal. This upward motion of the piston compresses tile
upper buffer spring and relieves the pressure on the lower buffer spring.

The oil cavities above and below the buffer piston arc common to the receiving
compensating land on the pilot valve phmger. Because the higher pressure is below the
compensating land, the pilot valve plunger is forced upward, recentering the flyweights
and causing the control land of the pilot valve to close off the regulating port. Thus, the
upward movement of the servo-motor piston stops when it has moved far enough to make
the necessary fuel correction.

Oil passing through the compensating needle valve slowly equalizes tile pressures above
and below the buffer piston, thus allowing the buffer piston to return to the center
position, which in turn equalizes the pressure above and below tile receiving
compensating land. The pilot valve plunger then moves to its central position and the
engine speed returns to its original setting because there is no longer any excessive
outward force on the flyweights.

The action of the flyweights and the hydraulic feedback mechanism produces stable
engine operation by permitting the governor to move instantaneously in resl×mse to tile
load change and to make the necessary fuel adiustment to naaintain the initial engine
speed.
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Starting Circuits

Diesel engines have as many different types of starting circuits as there are types, sizes, and
manufacturers of diesel engines. Con_monly, they can be started by air motors, electric motors,
hydraulic motors, and manually. The start circuit can be a simple manual start pushbutton, or
a complex auto-start circuit. But in almost ali cases the following events must occur for the
starting engine to start.

1. The start signal is sent to the starting motor. The air, electric, or hydraulic
motor, will engage the engine's flywheel.

2. The starting motor will crank the engine. The starting motor will spin the engine
at a high enough rpm to allow the engine's compression to ignite the fuel and
start the engine running.

3. The engine will then accelerate to idle speed. When the starter motor is
overdriven by the running motor it will disengage the flywheel.

Because a diesel engine relies on compression heat to ignite the fuel, a cold engine can rob
enough heat from the gasses that the compressed air falls below the ignition temperature of the
fuel. To help overcome this condition, some engines (usually small to medium sized engines)
have glowplugs. Glowplugs are located irathe cylinder head of the combustion chamber and use
electricity to heat tlp the electrode at the top of the glowplug. The heat added by the glowplug
is sufficient to help ignite the fuel in the cold engine. Once the engine is running, the glowplugs
are turned off and the heat of combustion is sufficient to heat the block and keep the engine

running.

Larger engines usually heat the block and/or have powerful starting motors that are able to spin

the engine long enough to allow the compression heat to fire the engine. Some large engines
use air start maniloltls that inject compressed air into the cylinders which rotates the engine
during the start sequence.

Imgme Protection

A diesel engine is designed with protecl_on systems to alert the operators of abnormal conditions
and to prevent the engine from destroying itself.

Overspced device- Because a diesel is not self-speed-limiting, a failure in the governor,
injection system, or sudden loss of load could cause the diesel to
overspeed. An overspeed condition is extremely dangerous because
engine failure is usually catastrophic and can possibly cause the engine to
fly apart.
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An overspeed device, usually some type of mechanical flyweight, will act
to cut off fuel to the engine and alarm at a certain preset rpm. This is
usually accomplished by isolating the governor from its oil supply,
causing it to travel to the no-fuel position, or it can override the governor
and directly trip the fuel rack to the no-fuel position.

Water jacket - Water-cooled engines can overheat if the cooling water system fails to
remove waste heat. Removal of the waste heat prevents the engine from

seizing due to excessive expansion of the components under a high
temperature condition. The cooling water jacket is commonly where the
scnsor for the cooling water system is located,

The water jacket temperature sensors provide early warning of abnormal
engine temperature, usually an alarm function only. The setpoint is set
such that if the condition is corrected irt a timely manner, significant
engine damage will be avoided. But continued engine operation at the
alarm temperature or higher temperatures will lead to engine damage.

l:,xhatJst In a diesel engine, exhaust temperatures are very important and can
temperatures - provide a vast anaount of information regarding the operation of the

engine. High exhaust tempcraturc can indicate an overloading of the
c_ginc or l×)ssible poor performance due to inadequate scavenging (the
cooling effect) in the engine. Extended operation with high exhaust
tcmpcratures can result in damage to the exhaust valves, piston, and
cylinders. The exhaust temperature usually provides only an alarm
function.

l.ow lube (til l.ow (}ii pressure or loss of oil pressure can destroy an engine in short

pressure - order. Therefore, most mediuna to larger engines will stop upon low or
loss of oil pressurc. Loss of oil pressure can result in the engine seizing
due to lack of lubrication. Engines with mechanical-hydraulic governors
will also stop due to the lack of oil to the governor.

The oil pressure scnsor usually stops the engine. The oil pressure sensors
on larger engines usually have two low pressure setpoints. One setpoint
provides early warning of abnormal oil presstire, an alarm function only.
The second setpoint can be set to shutdown the engine before permanent
damage is done.
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High crankcase High crankcase pressure is usually caused by excessive blow-by (gas
pressure- pressure in tile cylinder blowing by tile piston rings and into the

crankcase). The high pressure condition indicates the engine is ii_ poor
condition. The high crankcase pressure is usually used only as an alarm
flmction.

Summary

The important information in this chapter is summarized below.

Diesel Engine Speed, Fuel Controls, and Protection Summary

• A naechanical-hydraulic governor controls engine speed by balancing

engine speed (mechanical flyweights) against hydraulic pressure. As the

engine speeds up or slows down, the weights move the hydraulic plunger

in or out. This in turn actuates a hydraulic valve which controls the

hydraulic pressure to the buffer piston. The buffer piston is connected to

the fuel rack. Thcreiore, any motion of the buffer piston will control fuel

to the cylinder by adjusting the t_×_sitionof the fucl rack, which regulates

the amount of fucl in the injectors.

• Most mid-sized to large diesel engines have (as a naininaum) the lollowing

protective alarms and trips.

Engine overspeed alarm/trip

High water jacket temperature alarm

High exhausl temperature alarm

Low lube oil pressure (alarm and/or trip)

High crankcase pressure alarm
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TERMINAL OBJECTIVE
I II

1.0 Without references, DESCRIBE the purpose, construction, and principles of operation
for each major type of heat exchanger: parallel flow, counter flow, and cross flow.

ENABLING OBJECTIVES
I

1.1 STATE the two types of heat exchanger construction.

1.2 Provided with a drawing of a heat exchanger, IDENTIFY the following internal parts:

a. Tubes
b. Tube sheet
c. Shell
d. Baffles

1.3 DESCRIBE hot and cold fluid flow in parallel flow, counter flow, and cross flow heat
exchangers.

1.4 DIFFERENTIATE between the following types of heat exchangers:

a. Single-pass versus multi-pass heat exchangers.
b. Regenerative versus non-regenerative heat exchangers.

1.5 LIST at least three applications of heat exchangers.

1.6 STATE the purpose of a condenser.

1.7 DEFINE the following terms:

a. Hotwell

b. Condensate depression

1.8 STATE why condensers in large steam cycles are operated at a vacuum.
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TYPES OF HEAT EXCHANGERS
I II I I

In almost any nuclear, chemical, or mechanical system, heat must be transferred
from one place to another or from one ,fluid to another. Heat exchangers are
used to tran,_,r heat from one fluid to another. A basic utulerstanding of the
nwchanical components of a heat eJcchanger is important to understanding how
the), fitnction and operate.

EO 1.1 STATE the two types of heat exchanger construction.

EO 1.2 Provided with a drawing of a heat exchanger, IDENTIFY the
following internal parts:

a. Tubes e. Shell
b. Tube sheet d. Baffles

EO 1.3 DESCRIBE hot and cold fluid flow in parallel flow, counter
flow, and cross flow heat exchangers.

EO 1.4 DIFFERENTIATE belween the following types of heat exchangers:

a. Single-pass versus multi-pass heat exchangers
b. Regenerative versus non-regenerative heat exchangers

I I]1

Introduction

A heat exchanger is a component that allows the transfer of heat from one fluid (liquid or gas)
to another fluid. Reasons for heat transfer include the following:

1. To heat a cooler fluid by means of a hotter fluid

2. To reduce the temperature of a hot fluid by means of a cooler fluid

3. To boil a liquid by means of a hotter fluid

4. To condense a gaseous fluid by means of a cooler fluid

5. To boil a liquid while condensing a hotter gaseous fluid

Regardless of the function the heat exchanger fulfills, in order to transfer heat the fluids involved

must be at different temperatures and they must come into thermal contact. Heat can flow only
from the hotter to the cooler fluid.

Rev. 0 Page 1 ME-02



TYPES OF HEAT EXCHANGERS DOE-ttDBK- 101811-93 lh'at E.tchangers
II I I

In a heat exchanger there is no direct contact between the two fluids. The heat is transferred
from the hot fluid to the metal isolating the two fluids and then to the cooler fluid.

Types of Heat Exchanger Construction

Although heat exchangers come in every shape and size imaginable, the construction of most
heat exchangers fall into one of two categories: tube and shell, or plate. As in ali mechanical
devices, each type has its advantages and disadvantages.

Tube and Shell

The most basic and the most common type of heat exchanger construction is the tube and
shell, as shown in l::igure 1. This type of heat exchanger consists of a set of tubes in a
container called a shell. The fluid flowing inside the tubes is called the tube side fluid
and the fluid flowing on the outside of the tubes is the shell side fluid. At the ends of
the tubes, the tube side fluid is separated from tile shell side fluid by the tube sheet(s).
The tubes are rolled and press-fitted or welded into the tube sheet to provide a leak tight
seal. In systems where the two fluids are at vastly different pressures, the higher
pressure fluid is typically directed through the tubes and the lower pressure fluid is
circulated on the shell side. This is due to economy, because the heat exchanger tubes
can be made to withstand higher pressures than the shell of the h_t exchanger tbr a
much lower cost. The support plates shown on Figure 1also act as baffles to direct the
flow of fluid within the shell back and forth across the tubes.
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Figure 1 Tube and Shell Heat Exchanger

Plat_

A plate type heat exchanger, as illustrated in Figure 2, consists of plates instead of tubes
to separate the hot and cold fluids. The hot and cold fluids alternate between each of the
plates. Baffles direct the flow of fluid between plates. Because each of the plates has
a very large surface area, the plates provide each of the fluids with an extremely large
heat transfer area. Therefore a plate type heat exchanger, as compared to a similarly
sized tube and shell heat exchanger, is capable of transferring intich more heat. This is
due to the larger area the plates provide over tubes. Due to the high heat transfer
efficiency of the plates, plate type heat exchangers are usually very small when compared
to a tube and shell type heat exchanger with the same heat transfer capacity. Plate type
heat exchangers are not widely used because of the inability to reliably seal the large
gaskets between each of the plates. Because of this problem, plate type heat exchangers
have only been used in small, low pressure applications such as on oil coolers for
engines. However, new improvements in gasket design and overall heat exchanger
design have allowed some large scale applications of the plate type heat exchanger. As
older facilities are upgraded or newly designed facilities are built, large plate type heat
exchangers are replacing tube and shell heat exchangers and becoming more common.
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Figure 2 Plate Heat Exchanger

Types of lleat Exchangers

Because heat exchangers come in so many shapes, sizes, makes, and models, they are
categorized according to common characteristics. One common characteristic that can be used
to categorize them is the direction of flow the two fluids have relative to each other. The three
categories are parallel flow, counter flow and cross flow.

Parallelflow, as illustrated in Figure 3, exists when both the tube side fluid and the shell
side fluid llow in the same direction. In this case, the two fluids enter the heat
exchanger from the same end with a large temperature difference. As the fluids transfer
heat, hotter to c_mler, the temperatures of the two fluids approach each other. Note that
the hottest cold-fluid temperature is always less than the coldest hot-fluid temperature.
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Figure 3 Parallel Flow Heat Exchanger

Granter flow, as illustrated in Figure 4, exists when the two fluids flow in opposite
directions. Each of the fluids enters the heat exchanger at opposite ends. Because the
cooler fluid exits the counter flow heat exchanger at the end where the hot fluid enters
the heat exchanger, the cooler fluid will approach the inlet temperature of the hot fluid.
Counter flow heat exchangers are the most efficient of the three types. In contrast to the
parallel flow heat exchanger, the counter flow heat exchanger can have the hottest cold-
fluid temperature greater than the coldest hot-fluid temperatue.
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Figure 4 Counter Flow Heat Exchange
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Crossflow, as illustrated in Figure 5, exists when one fluid flows perpendicular to the
second fluid; that is, one fluid flows through tubes and the second fluid passes around
the tubes at 90° angle. Cross flow heat exchangers are usually found in applications
where one of the fluids changes state (2-phase flow). An example is a steam system's
condenser, in which the steam exiting the turbine enters the condenser shell side, and the
cool water flowing in the tubes absorbs the heat from the steam, condensing it into water.
Large volumes of vapor may be condensed using this type of heat exchanger flow.
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I

, i
v

(IF USED AS A CONDENSER)
_o'i

_82'
70"F a.. ,,. ,,.. ,,.. 7_,'F v 78"

70',

T
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Figure 5 Cross Flow Heat Exchanger

Comparison of the Types of lleat Exchangers

F_tchof the three types of heat exchangers has advantages and disadvantages. But of the three,
the counter flow heat exchanger design is the most efficient when comparing heat transfer rate
pcr unit surface area. The efficiency of a counter flow heat exchanger is due to the fact that the
average aT (difference in temperature) between the two fltfids over the length of the heat
exchanger is maximized, as shown in Figure 4. Therefore the log mean temperature for a
counter flow heat exchanger is larger than the log mean temperature for a similar parallel or
cross flow heat exchanger. (See the Thermodynamics, Heat Transfer, and Fluid Flow
Fundamentals Handbook for a review of log mean temperature). This can be seen by comparing
the graphs in Figure 3, Figure 4, and Figure 5. The following exercise demonstrates how the
higher log mean temperature of the counter flow heat exchanger results in a larger heat transfer
rate. The log mean temperature for a heat exchanger is calculated using the following equation.
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AT2 - ATI
ATlm = (2-1)

InAT.-...._2
ATI

Heat transfer in a heat exchanger is by conduction and convection. The rate of heat
transfer, "Q", in a heat exchanger is calculated using the following equation.

(_ = UoAoAT_ (2-2)

Where:

Q = Heat transfer rate (BTU/br)

Uo = Overall heat transfer coefficient (BTU/hr-ft2-°F)

Ao = Cross sectional heat transfer area (ft2)

ATk,, = Log mean temperature difference (°F)

Consider the following example of a heat exchanger operated under identical conditions as a
counter flow and then a parallel flow heat exchanger.

Tt = represents the hot fluid temperature

Tli. = 200°F

Tlout = 145°F

Uo = 70 BTU/hr-ft2-°F

A,,= 75ft 2

T2 = represents the cold fluid temperature

T2i_ = 80°F

T2,,_t = 120°F

Counter flow AT,m = (200-120°F) - (145-80°F) = 72°F
In (200-120°F)

(145-80°F)
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Parallel flow ATt_ = (200-80°F) - (145-120°F) - 61°F

! In (200-80°F)
_ ( 145- 120°F)

q Inserting the above values into heat transfer Equation (2-2) for the counter flow heat

_ exchanger yields the following result.

li Q = 70 (75ft2)(72°F)
hr-ft2-°Fi

i Q = 3.8xi05 BTU
hr

|! Inserting the above values into the heat transfer Equation (2-2) for parallel flow heat

exchanger yields the following result.

!

I Q = 3.2x105 BTU
hr

The results demonstrate that given the same operating conditions, operating the same heat
exchanger in a counter flow manner will result in a greater heat transfer rate than
operating in parallel flow.

In actuality, most large heat exchangers are not purely parallel flow, counter flow, or cross
flow; they are usually a combination of the two or ali three types of heat exchangers. This is
due to the fact that actual heat exchangers are more complex than the simple components shown
in the idealized figures used above to depict each type of heat exchanger. The reason for the
combination of the various types is to maximize the efficiency of the heat exchanger within the
restrictions placed on the design. That is, size, cost, weight, required efficiency, type of fluids,
operating pressures, and temperatures, ali help determine the complexity of a specific heat
exchanger.

One method that combines the characteristics of two or mo:e heat exchangers and improves the
performance of a heat exchanger is to have the two fluids pass each other several times within
a single heat exchanger. When a heat exchanger's fluids pass each other more than once, a heat
exchanger is called a multi-pass heat exchanger. If the fluids pass each other only once, the heat
exchanger is called a single-pass heat exchanger. See Figure 6 for an example of both types.
Commonly, the multi-pass heat exchanger reverses the flow in the tubes by use of one or more
sets of "U" bends in the tubes. Fhe "U" bends allow the fluid to flow back and forth across the
length of the heat exchanger. A second method to achieve multiple passes is to insert baffles
on the shell side of the heat exchanger. These direct the shell side fluid back and forth across
the tubes to achieve the multi-pass effect.
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Figure 6 Single and Multi-Pass Heat Exchangers

Heat exchangers are also classified by their function in a particular system. One common
classification is regenerative or nonregenerative. A reger, erative heat exchanger is one in which
the same fluid is both the cooling fluid and the cooled fluid, as illustrated in Figure 7. That is,
the hot fluid leaving a system gives up its heat to "regenerate" or heat up the fluid returning to
the system. Regenerative heat exchangers are usually found in high temperature systems where
a portion of the system's fluid is removed from the main process, and then returned. Because
the fluid removed from the main process contains energy (heat), the heat from the fluid leaving
the main system is used to reheat (regenerate) the returning fluid instead of being rejected to an
external cooling medium to improve efficiency, lt is important to remember that the term
regenerative/nonregenerative only refers to "how" a heat exchanger functions in a system, and
does not indicate any single type (tube and shell, plate, parallel flow, counter flow, etc.).
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In a nonregenerative heat exchanger, as illustrated in Figure 7, the hot fluid is cooled by fluid
from a separate system and the energy (heat) removed is not returned to the system.

REGENERATIVE
HEAT EXCHANGER

PROCESS m.--- _--
FLOWPATH

PROCESS -_...... DEMINERALIZER
FLOWPATH

I.......... ,

FROM COOLING SYSTEM

PROCESS _ .... ................

FLOWPATH \/' "XJ .....

14EZ_T EXCHANGER

DEMINERALIZER

10 MAIN
PROCESS _,I _ i

FLOWPATH _ - J

Figure 7 Regenerative and Non-Regenerative Heat Exchangers
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Summary

The important information from this chapter is summarized below.

Types of Heat Exchangers Summary

• There are two methods of constructing heat exchangers:
plate type and tube type.

• Parallel flow - the hot fluid and the coolant flow in the
same direction.

• Counter flow - The hot fluid and the coolant flow in
opposite directions.

• Cross flow - the hot fluid and the coolant flow at 90°
angles (perpendicular) to each other.

• The four heat exchanger parts identified were:

Tubes
Tube Sheet
Shell
Baffles

• Single-pass heat exchangers have fluids tha*pass each
other only once.

• Multi-pass heat exchangers have fluids that pass each
other more than once through the use of U tubes and
baffles.

• Regenerative heat exchangers use the same fluid for
heating and cooling.

• Non-regenerative heat exchangers use separate fluids for
heating and cooling.
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HEAT EXCHANGER APPLICATIONS
I I II I

This chapter describes some specific applications of heat exchangers.

EO 1.5 LIST at least three applications of heat exchangers.

EO 1.6 STATE the purpose of a condenser.

EO 1.7 DEFINE the following terms:

a. Hotweil

b. Condensate depression

EO 1.8 STATE why condensers in large steam cycles are
operated at a vacuum.

I Ill Illll I

Introduction

Heat exchangers are found in most chemical or mechanical systems. They serve as the system's
means of gaining or rejecting heat. Some of the more common applications are found in
heating, ventilation and air conditioning (HVAC) systems, radiators on internal combustion
engines, boilers, condensers, and as preheaters or coolers in fluid systems. This chapter will
review some specific heat exchanger applications. The intent is to provide several specific
examples of how each heat exchanger functions in the system, not to cover every possible
applicaton.

Preheater

In large steam systems, or in any process requiring high temperatures, the input fluid is usually
preheated in stages, instead of trying to heat it in one step from ambient to the final temperature.
Preheating in stages increases the plant's efficiency and minimizes thermal shock stress to
components, as compa:'ed to injecting ambient temperature liquid into a boiler or other device
that operates at high temperatures. In the case of a steam system, a portion of the process steam
is tapped off and used as a heat source to reheat the feedwater in preheater stages. Figure 8 is
an example of the construction and internals of a U-tube feedwater heat exchanger found in a
large power generation facility in a preheater stage. As the steam enters the heat exchanger and
flows over and around the tubes, it transfers its thermal energy and is condensed. Note that the

steam enters from the top into the shell side of the heat exchanger, where it not only transfers
sensible heat (temperature change) but also gives up its latent heat of vaporization (condenses
steam into water). The condensed steam then exits as a liquid at the bottom of the heat
exchanger. The feedwater enters the heat exchanger on the bottom right end and flows into the
tubes. Note that most of these tubes will be below the fluid level on the shell side.
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This means the feedwater is exposed to the condensed steam first and then travels through the
tubes and back around to the top right end of the heat exchanger. After making the 180° bend,
the partially heated feedwater is then subjected to the hotter steam entering the shell side.
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Figure 8 U-tube Feedwater Heat Exchanger

The feedwater is further heated by the hot steam and then exits the heat exchanger. In this type
of heat exchanger, the shell side fluid level is very important in determining the efficiency of
the heat exchanger, as the shell side fluid level determines the number of tubes exposed to the
hot steam.

Radiator

Commonly, heat exchangers are thought of as liquid-to-liquid devices only. But a heat
exchanger is any device that transfers heat from one fluid to another. Some of a facility's
equipment depend on air-to-liquid heat exchangers. The most familiar example of an air-to-
liquid heat exchanger is a car radiator. The coolant flowing in the engine picks up heat from
the engine block and carries it to the radiator. From the radiator, the hot coolant flows into the
tube side of the radiator (heat exchanger). The relatively cool air flowing over the outside of
the tubes picks up the heat, reducing the temperature of the coolant.
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Because air is such a poor conductor of heat, the heat transfer area between the metal of the
radiator and the air must be maximized. This is done by using fins on the outside of the tubes.
The fins improve the efficiency of a heat exchanger and are commonly found on most liquid-to-
air heat exchangers and in some high efficiency liquid-to-liquid heat exchangers.

Air Conditioner Evaporator and Condenser

Ali air conditioning systems contain at least two heat exchangers, usually called the evaporator
and the condenser. In either case, evaporator or condenser, the refrigerant flows into the heat
exchanger and transfers heat, either gaining or releasing it to the cooling medium. Commonly,
the cooling medium is air or water. In the case of the condenser, the hot, high pressure
refrigerant gas must be condensed to a subcooled liquid.

The condenser accomplishes this by cooling the gas, transferring its heat to either air or water.
The cooled gas then condenses into a liquid. In the evaporator, the subcooled refrigerant flows
into the heat exchanger, but the heat flow is reversed, with the relatively cool refrigerant
absorbing heat from the hotter air flowing on the outside of the tubes. This cools the air and
boils the refrigerant.

Large Steam System Condensers

The steam condenser, shown in Figure 9, is a major component of the steam cycle in power
generation facilities, lt is a closed space into which the steam exits the turbine and is forced to
give up its latent heat of vaporization, lt is a necessary component of the steam cycle for two
reasons. One, it converts the used steam back into water for return to the steam generator or
boiler as feedwater. This lowers the operational cost of the plant by allowing the clean and
treated condensate to be reused, and it is far easier to pump a liquid than steam. Two, it
increases the cycle's efficiency by allowing the cycle to operate with the largest possible delta-
"F and delta-P between tile source (boiler) and the heat sink (condenser).

Because condensation is taking piace, the term latent heat of condensation is used instead of
latent heat of vaporization. The steam's latent heat of condensation is passed to the water
flowing through the tubes of the condenser.

After the steam condenses, the saturated liquid continues to transfer heat to the cooling water
as it tails to the bottom of the condenser, or hotwell. This is called subcooling, and a certain
amount is desirable. A few degrees subcooling prevents condensate pump cavitation. The
difference between the saturation temperature for the existing condenser vact, um and the
temperature of the condensate is termed ('onden.Yate depre.Ysion. This is expressed as a number
of degrees condensate depression or degrees subcooled. Excessive condensate depression
decreases the operating efficiency of the plant because the subcooled condensate must be
reheated in the boiler, which in turn requires more heat from the reactor, fossil fuel, or other
heat source.
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Figure 9 Single-Pass Condenser

There are different condenser designs, but the most common, at least in the large power
generation facilities, is the straight-through, single-pass condenser illustrated Figure 9. This
condenser design provides cooling water flow through straight tubes from the inlet water box
on one end, to the outlet water box on the other end. The cooling water flows once through the
condenser and is termed a single pass. The separation between the water box areas and the
steam condensing area is accomplished by a tube sheet to which the cooling water tubes are
attached. The cooling water tubes are supported within the condenser by the tube support
sheets. Condensers normally have a series of baffles that redirect the steam to minimize direct
impingement on the cooling water tubes. The bottom area of the condenser is the hotwell, as
shown in Figure 9. This is where the condensate collects and the condensate pump takes its
suction. If noncondensable gasses are allowed to build up in the condenser, vacuum will
decrease and the saturation temperature at which the ste_tm will condense increases.

Non-condensable gasses also blanket the tubes of the condenser, thus reducing the heat transfer
surface area of the condenser. This surface area can also be reduced if the condensate level is
allowed to rise over the lower tubes of the condenser. A reduction in the heat transfer surface
has the same effect as a reduction in cooling water flow. If the condenser is operating near its
design capacity, a reduction in the effective surface area results in difficulty maintaining
condenser vacuum.

The temperature and flow rate of the cooling water through the condenser controls the
temperature of the condensate. This in turn controls the saturation pressure (vacuum) of the
condenser.

Rev. 0 Page 15 ME-02



tlEAT EXCHANGER APPLICATIONS DOE-ttDBK-IOI8/I-93 Heat E._changers
I_'_;_attt_,d.ll,,,.,._ _ _ _ " " -- _ • -

To prevent the condensate level from rising to the lower tubes of the condenser, a hotwell level
control system may be employed. Varying the flow of the condensate pumps is one method used
to accomplish hotwell level control. A level sensing network controls the condensate pump
speed or pump discharge flow control valve position. Another method employs an overflow
system that spills water from the hotwell when a high level is reached.

Condenser vacuum should be maintained as close to 29 inches Hg as practical. This allows
maximum expansion of the steam, and therefore, the maximum work. If the condenser were
perfectly air-tight (no air or noncondensable gasses present in the exhaust steam), it would be
necessary only to condense the steam and remove the condensate to create and maintain a
vacuum. The sudden reduction in steam volume, as it condenses, would maintain the vacuum.
Pumping the water from the condenser as fast as it is formed would maintain the vacuum. It
is, however, impossible to prevent the entrance of air and other noncondensable gasses into the
condenser. In addition, some method must exist to initially cause a vacuum to exist in the
condenser. This necessitates the use of an air ejector or vacuum pump to establish and help
maintain condenser vacuum.

Air ejectors are essentially jet pumps or eductors, as illustrated in Figure 10. In operation, the
jet pump has two types of fluids. They are the high pressure fluid that flows through the nozzle,
and the fluid being pumped which flows around the nozzle into the throat of the diffuser. The
high velocity fluid enters the diffuser where its molecules strike other molecules. These
nmlecules are in turn carried along with the high velocity fluid out of the diffi',ser creating a low
pressure area around the mouth of the nozzle. This process is called entrainment. The low
pressure area will draw more fluid from around the nozzle into the throat of the diffuser. As
the fluid moves down the diffuser, the increasing area converts the velocity back to pressure.
Use of steam at a pressure between 200 psi and 300 psi as the high pressure fluid enables a
single-stage air ejector to draw a vacuum of about 26 inches Hg.

Ft_U,DBE,NGPUMPED

HIGH VELOCITY p , ....
FLUID

NOZZLE

,d

/

DIFFUSER

Figure 10 Jet Pump
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Normally, air ejectors consist of two suction stages. The first stage suction is located on top
of the condenser, while the second stage suction comes from the diffuser of the first stage. The
exhaust steam from the second stage must be condensed. This is normally accomplished by an
air ejector condenser that is cooled by condensate. The air ejector condenser also preheats the
condensate returning to the boiler. Two-stage air ejectors are capable of drawing vacuums to
29 inches Hg.

A vacuum pump may be any type of motor-driven air compressor. Its suction is attached to the
condenser, and it discharges to the atmosphere. A common type uses rotating vanes in an
elliptical housing. Single-stage, rotary-vane units are used for vacuums to 28 inches Hg. Two
stage units can draw vacuums to 29.7 inches Hg. The vacuum pump has an advantage over the
air ejector in that it requires no source of steam for its operation. They are normally used as
the initial source of vacuum for condenser start-up.
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Summary

The important information from this chapter is summarized below.

:: ; ,, _.. , , ,, _,

tleat Exchanger Applications Summary

• Heat exchangers are often used in the following applications.

Preheater
Radiator

Air conditioning evaporator and condenser
Steam condenser

• The purpose of a condenser is to remove the latent heat of vaporization,
condensing the vapor into a liquid.

• Heat exchangers condense the steam vapor into a liquid for return to the boiler.

• The cycle's efficiency is increased by ensuring the maximum z_T between the
source and the heat sink.

• The hotwell is the area at the bottom of the condenser where the condensed steam
is collected to be pumped back into tile system feedwater.

• Condensate depression is theamount the condensate in a condenser is cooled below
saturation (degrees subcooled).

• Condensers operate at a vacuum to ensure the temperature (and thus the pressure)
of the steam is as low as possible. This maximizes the AT and AP between the
source and the heat sink, ensuring the highest cycle efficiency possible.

:_---'..7:::.::._

ME-02 Page 18 Rev. 0



Department of Energy
Fundamentals Handbook

MECHANICAL SCIENCE
Module 3

Pumps



Pumps DOE-HDBK-IOIS/I-93 TABLE OFCONTENTS
Illll I I

TABLE OF CONTENTS
I I I III|

LIST OF FIGU._.ES ........................................... ii

LIST OF TABLES ........................................... iii

REFERENCES ............................................. iv

OBJECTIVES .............................................. v

CENTRIFUGAL PUMPS ....................................... 1

Introduction ........................................... 1
Diffuser .............................................. 3

Impeller Classification ..................................... 3
Centrifugal Pump Classification by Flow ......................... 4
Multi-Stage Centrifugal Pumps ................................ 6
Centrifugal Pump Components ................................ 7
Summary ............................................. 10

CENTRIFUGAL PUMP OPERATION ............................... 11

Introduction ........................................... 11
Cavitation ............................................ 12
Net Positive Suction Head .................................. 12

Preventing Cavitation ..................................... 13
Centrifugal Pump Characteristic Curves .......................... 14
Centrifugal Pump Protection ................................. 15
Gas Binding ........................................... 15
Priming Centrifugal Pumps .................................. 15
Summary ............................................. 16

POSITIVE DISPLACEMENT PUMPS ............................... 18

Introduction ........................................... 18

Principle of Operation ..................................... 19
Reciprocating Pumps ...................................... 19
Rotary Pumps .......................................... 22
Diaphragm Pumps ....................................... 26
Positive Displacement Pump Characteristic Curves ................... 27
Positive Displacement Pump Protection .......................... 28
Summary ............................................. 28

Rev. 0 Page i ME-03



LIST OF FIGURES DOE-ttDBK-IOIS/I-93 Punq_s
I i iii I I Ii I I I I Iii I I II ...................... itltUTII--"

LIST OF FIGURES
II

Figure 1 Centrifugal Pump ....................................... 2

Figure 2 Single and Double Volutes ................................. 2

Figure 3 Centrifugal Pump Diffuser ................................. 3

Figure 4 Single Suction and Double Suction Impellers ...................... 3

Figure 5 Open, Semi-Open, and Enclosed Impellers ........................ 4

Figure 6 Radial Flow Centrifugal Pump ............................... 5

Figure 7 Axial Flow Centrifllgal Pump ................................ 5

Figure 8 Mixed Flow Centrifligal Pump ............................... 6

Figure 9 Multi-Stage Centrifugal Pump ............................... 7

Figvre 10 Centrifugal Pump Components ............................... 8

Figure 11 Centrifugal Pump Characteristic Curve ......................... 14

Figure 12 Reciprocating Positive Displacement Pump Operation ................ 19

Figure 13 Single-Acting and Double-Acting Pumps ........................ :21

Figure 14 Simple Gear Pump ..................................... 22

Figure 15 Types of Gears Used In Pumps ............................. :23

Figure 16 Lobe Type Pump ..................................... 24

Figure 17 Two-Screw, Low-Pitch, Screw Pump ........................ 25

Figure 18 Three-Screw, High-Pitch, Screw Pump ........................ 25

Figure 19 Rotary Moving Vane Pump ................................ :26

Figure 20 Diaphragm Pump ...................................... :27

Figure :21 Positive Displacement Pump Characteristic Curve .................. :27

ME-03 Page ii Rev. 0



Pumps DOE-HDBK-1 O18/1-93 LIST OF TABLES

LIST OF TABLES
II Illl

• None

Rev. 0 Page iii ME-03



REFERENCES DOE-HDBK-1018/1-93 Pumps
I

REFERENCES
I

• Babcock & Wilcox, Steam, Its Generations and Use, Babcock & Wilcox Co.

• Cheremisinoff, N. P., Fluid Flow, Pumps, Pipes and Channels, Ann Arbor Science.

• General Physics, Heat Transfer, Thermodynamics and Fluid Flow Fundamentals, General
Physics Corporation.

• Academic Program for Nuclear Power Plant Personnel, Volume III, Columbia, MD,
General Physics Corporation, Library of Congress Card #A 326517, 1982.

• Stewart, Harry L., Pneumatics & Hydraulics, Theodore Audel & Company.

ME-03 Page iv Rev. 0



Pumps DOE-HDBK-1018/I-93 OBJECTIVES
I I

TERMINAL OBJECTIVE
I III iii

1.0 Without references, DESCRIBE the purpose, construction, and principles of operation
for centrifugal pumps.

ENABLING OBJECTIVES

1.1 STATE the purposes of the following centrifugal pump components:

a. Impeller d. Packing
b. Volute e. Lantern Ring
c. Diffuser f. Wearing ring

1.2 Given a drawing of a centrifugal pump, IDENTIFY the following major
components:

a. Pump casing f. Stuffing box gland
b. Pump shaft g. Packing
c, Impeller tl. Lantern Ring
d. Volute i. Impeller wearing ring
e. Stuffing box j. Pump casing wearing ring

1.3 DEFINE the following terms:

a, Net Positive Suction Head Available d. Shutoff head

b. Cavitation e. Pump runout
c. Gas binding

1.4 STATE the relationship between net positive suction head available and net positive
suction head required that is necessary to avoid cavitation.

1.5 lAST three indications that a centrifugal pump may be cavitating.

1.6 LIST five changes that can be made in a pump or its surrounding system that can reduce
cavitation.

1.7 LIST three effects of cavitation.

1.8 DESCRIBE the shape of the characteristic curve for a centrifugal pump.

1.9 DESCRIBE how centrifugal pumps are protected from the conditions of dead heading
and pump runout.
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TERMINAL OBJECTIVE
II I

2.0 Without references, DESCRIBE the purpose, construction, and principle of operation
for positive displacement pumps.

ENABLING OBJECTIVES
I

2.1 STATE the difference between the flow characteristics of centrifugal and positive
displacement pumps.

2.2 Given a simplified drawing of a positive displacement pump, CLASSIFY the pump as
one of the following"

a. Reciprocating piston pump
b. Gear-type rotary pump
c. Screw-type rotary pump
d. Lobe-type rotary pump
e. Moving vane pump
f. Diaphragm pump

2.3 EXPLAIN the importance of viscosity as it relates to the operation of a reciprocating
positive displacement pump.

2.4 DESCRIBE the characteristic curve for a positive displacement pump.

2.5 DEFINE the term slippage.

2.6 STATE how positive displacement pumps are protected against overpressurization.
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CENTRIFUGAL PUMPS

Centrifugal pumps are the most common type of pumps found in DOE facilities.
Centrifugal pumps enjoy widespread application partly due to their ability to
operate over a wide range of flow rates and pump heads.

EO 1.1 STATE the purposes of the following centrifugal pump
components:

a. Impeller d. Packing
b. Volute e. Lantern Ring
c. Diffuser f. Wearing ring

EO 1.2 Given a drawing of a centrifugal pump, IDENTIFY the
following major components:

a. Pump casing f. Stuffing box gland
b. Pump shaft g. Packing
c. Impeller h. Lantern Ring
d. Volute i. Impeller wearing ring
e, Stuffing box j. Pump casing wearing ring

i i

Introduction

Centrifugal pumps basically consist of a stationary pump casing and an impeller mounted on a
rotating shaft. The pump casing provides a pressure boundary for the pump and contains
channels to properly direct the suction and discharge flow. The pump casing has suction and
discharge penetrations for the main flow path of the pump and normally has small drain and vent
fittings to remove gases trapped in the pump casing or to drain the pump casing for maintenance.

Figure I is a simplified diagram of a typical centrifugal pump that shows the relative locations
of the pump suction, impeller, volute, and discharge. The pump casing guides the liquid from
the suction connection to the center, or eye, of the impeller. The vanes of the rotating impeller
impart a radial and rotary motion to the liquid, forcing it to the outer periphery of the pump
casing where it is collected in the outer part of the pump casing called the volute. The volute
is a region that expands in cross-sectional area as it wraps around the pump casing. The purpose
of the volute is to collect the liquid discharged from the periphery of the impeller at high

velocity and gradually cause a reduction in fluid velocity by increasing the flow area. This
converts the velocity head to static pressure. The fluid is then discharged from the pump
through the discharge connection.
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' "_ VOLUTE
IMPELLER

Figure 1 Centrifugal Pump

Centrifugal pumps can also be constructed in a manner that results in two distinct volutes, each
receiving the liquid that is discharged from a 180 ° region of the impeller at any given time.

Pumps of this type are called double volute pumps (they may also be referred to a split volute

pumps). In some applications the double volute minimizes radial forces imparted to the shaft
and bearings due to imbalances in the pressure around the impeller. A comparison of single and

double volute centrifugal pumps is shown on Figure 2.

DOUBLE
SINGLE

Figure 2 Single and Double Volutes
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Diffuser

Some centrifugal pumps contain
diffusers. A diffuser is a set of ROTATINGIMPELLER

stationary vanes that surround the 1 l

impeller. The purpose of the
diffuser is to increase the _k,
efficiency of the centrifugal pump
by allowing a more gradual
expansion and less turbulent area _,
for the liquid to reduce in \

velocity. The diffuser vanes are
designed in a manner that the
liquid exiting the impeller will
encounter an ever-increasing flow
area as it passes through the
diffuser. This increase in flow
area causes a reduction in flow STATIONARYDIFFUSERVANES
velocity, converting kinetic energy
into flow pressure.

Figure3 CentrifugalPumpDiffuser

Impeller Classification

Impellers of pumps are classified
based on the number of points that , -;, , ", _,

the liquid can enter the impeller SUCTIONEYE,. /' _"_\t SUCTIONEYE [/ '\'_i EYESUCTION

soo t eamou tofi! fjt
ic_ -- " '4.

webbing between the impeller !t @_:::::J
blades. /

Impellers can be either single- .=_ _,_:.
suction or doublc-suction. A SINGLE-SUCTION DOUBLE-SUCTION
single-suction impeller allows

,iquid oe, terthecen ero the ':Lrblades from only one direction. A
double-suction impeller allows
liquid to enter the center of the Ii)_ __

impeller blades from both sides g " gsimultaneously. Figure 4 shows I_IPFLLER
simplified diagrams of single and
double-suction impellers. SINGLE-SUCTION DOUBLE-SUCTION

Figure4 Single-Suctionand Double-SuctionImpellers
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Impellers can be open, semi-open, or enclosed. The open impeller consists only of blades
attachedto a hub. The semi-open impeller is constructed with a circularplate (the web) attached
to one side of the blades. The enclosed impeller has circularplatesattached to both sides of the
blades. Enclosed impellers are also referred to as shrouded impellers. Figure 5 illustrates
examples of open, semi-open, and enclosed impellers.

Figure5 Open,Semi-Open,andEnclosedImpellers

The impeller sometimes contains balancing holes that connect the space around the hub to the
suction side of the impeller. The balancing holes have a total cross-sectional area that is
considerably greater than the cross-sectional area of the annular space between the wearing ring
and tile hub. The result is suction pressure on both sides of the impeller hub, which maintains
a hydraulic balance of axial thrust.

Centrifugal Pump Classification by Flow

Centrifugal pumps can be classified based on the mannerin which fluidflows through thepump.
The manner in which fluid flows through the pump is determined by the design of the pump
casing and the impeller. The three types of flow through a centrifugal pump are radial flow,
axial flow, and mixed flow.

Radial Flow Pumps_

In a radial flow pump, the liquid enters at the center of the impeller and is directed out
along the impeller blades in a direction at right angles to the pump shaft. The impeller
of a typical radial flow pump and the flow through a radial flow pump are shown in
Figure 6.

ME-03 Page4 Rev.0



Pumps DOE-HDBK-IOI S/I-93 CENTRIFUGAL PUMPS
III I III

I I

VOLUTE -__

Figure 6 Radial Flow Centrifugal Pump

Axial Flow Pumps

In an axial flow punlp, the impeller pushes the liquid in a direction parallel to the pump
shaft. Axial flow pumps are sometirnes called propeller pumps because they operate
essentially the same as the propeller of a boat. The impeller of a typical axial flow pump
and the flow through a radial flow pump are shown in Figure 7.

Figure 7 Axial Flow Centrifugal Pump
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Mixed Flow Pumps

Mixed flow pumps borrow characteristics from both radial flow and axial flow pumps.
As liquid flows through the impeller of a mixed flow pump, the impeller blades push the
liquid out away from the pump shaft and to the pump suction at an angle greater than
90°. The impeller of a typical mixed flow pump and the flow through a mixed flow
pump are shown in Figure 8.

....... VOLUTECASING

. \ .......... .................??

/" ,_ \

/ <,mL.........., , ,,-.............. ..........

........ . GE

Figure 8 Mixed Flow Centrifugal Pump

Multi-Stage Centrifugal Pumps

A centrifugal pump with a single impeller that can develop a differential pressure of more than
150 psid between the suction and the discharge is difficult and costly to design and construct.
A more economical approach to developing high pressures with a single centrifugal pump is to
include multiple impellers on a common shaft within the same pump casing. Internal channels
in the pump casing route the discharge of one impeller to the suction of another impeller.
Figure 9 shows a diagram of the arrangement of the impellers of a four-stage pump. The water
enters the pump from the top left and passes through each of the four impellers in series, going
from left to right. The water goes from the volute surrounding the discharge of one impeller
to the suction of the next impeller.

A pump stage is definexl as that portion of a centrifugal pump consisting of one impeller and its
associated components. Most centrifugal pumps are sinrle-stage pumps, containing only one
impeller. A pump containing seven impellers within a sil_gle casing would be referred to as a
seven-stage pump or, or generally, as a multi-stage pump.
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Figure 9 Multi-Stage Centritugal Pump

Centrifugal Pump Components

Centrifugal pumps vary in design andconstruction from simple pumps with relatively few parts
to extremely complicated pumps with hundreds of individual parts. Some of the most common
components found in centrifugal pumps are wearing rings, stuffing boxes, packing, and lantern
rings. These components are shown in Figure 10 ar,d described on the following pages.

Wearing, Rin2s

Centrifugal pumps contain rotating impellers within stationarypump casings. To allow
the impeller to rotate freely within the pump casing, a small clearance is designed to be
maintained between the impeller and the pump casing. To maximize the efficiency of
a centrifugal pump, it is necessary to minimize the amount of liquid leaking through this
clearance from the high pressure or discharge side of the pump back to the low pressure
or suction side.
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Some wear or erosion will occur at the point where the impeller and the pump casing
nearly come into contact. This wear is due to the erosion caused by liquid leaking
through this tight clearance and other causes. As wear occurs, the clearances become
larger and the rate of leakage increases. Eventually, the leakage could become
unacceptably large and maintenance would be required on the pump.

To minimize the cost of pump maintenance, many centrifugal pumps are designed with
wearing rings. Wearing ring,_'are replaceable rings that are attached to the impeller
and/or the pump casing to allow a small running clearance between the impeller and the
pump casing without causing wear of the actual impeller or pump casing material. These
wearing rings are designed to be replaced periodically during the life of a pump and

, prevent the more costly replacement of the impeller or the casing.
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_l,!ffing Box

In almost ali centrifugal pumps, the rotatingshaft that drives the impeller penetrates the
pressure boundary of the pump casing. It is important that the pump is designed
properly to control the amount of liquid that leaks along the shaft at the point that the
shaft penetrates the pump casing. There are many different methods of sealing the shaft
penetration of the pump casing. Factors considered when choosing a method include the
pressure and temperature of the fluid being pumped, the size of the pump, and the
chemical and physical characteristics of the fluid being pumped.

One of the simplest types of shaft seal is the stuffing box. The stuffing box is a
cylindrical space in the pump casing surrounding the shaft. Rings of packing material
arc placed in this space. Packing is material in the form of rings or strands that is placed
in the stuffing box to form a seal to control the rate of leakage along the shaft. The
packing rings arc held in place by a gland. The gland is, in turn, held in place by studs
with adjusting nuts. As the adjusting nuts are tightened, they move the gland in and
compress the packing. This axial compression causes the packing to expand radially,
forming a tight seal between the rotating shaft and the inside wall of the stuffng box.

The high speed rotation of the shaft generates a significant amount of heat as it rubs
against the packing rings. If no lubrication and cooling are provided to the packing, the
temperature of the packing increases to the point where damage occurs to the packing,
the pump shaft, and possibly nearby pump bearings. Stuffing boxes are normally
designed to allow a small amount of controlled leakage along the shaft to provide
lubrication and cooling to the packing. The leakage rate can be adjusted by tightening
and loosening the packing gland.

Lantern Rin_,

lt is not always possible to use a standard stuffing box to seal the shaft of a centrifl_gal
pump. The pump suction may be under a vacuum so that outward leakage is impossible
or the fluid may be too hot to provide adequate cooling of the packing. These conditions
rcqu,re a modification to the standard stuffing box.

One method of adequately cooling the packing under these conditions is to include a
lantern ring. A lantern ring is a perforated hollow ring located near the center of the
packing box that receives relatively cool, clean liquid from either the discharge of the
pump or from an external source and distributes the liquid uniformly around the shaft to
provide lubrication and cooling. The fluid entering the lantern ring can cool the shaft
and packing, lubricate the packing, or seal thejoint between the shaft and packing against
leakage of air into the pump in the event the pump suction pressure is less than that of
the atmosphere.
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Mechanical Seals

In some situations, packing material is not adequate tbr sealing the shaft. One common
alternative method for sealing the shaft is with mechanical seals. Mechanical seals
consist of two basic parts, a rotating element attached to the pump shaft and a stationary
element attached to the pump casing. Each of these elements has a highly polished
sealing surface. The polished faces of the rotating and stationary elements come into
contact with each other to form a seal that prevents leakage along the shaft.

Summary

The important information in this chapter is summarized below.

Centrifugal Pumps Summary

• The impeller contains rotating vanes that impart a radial and rotary motion to the
liquid.

• The volute collccts the liquid discharged from the impeller at high velocity and
gradually causes a reduction in fluid velocity by increasing the flow area, converting
the velocity head to a static head.

• A diffuser increases the cfficiency of a centrifugal primp by allowing a more gradual
expansion and less turbtdent arca lk_rthe liquid to slow as the flow area expands.

• Packing material provides a seal in tile area where the pump shaft penetrates the
pump casing.

• Wearing rings are replaceable rings that are attached to the iml_ller and/or the
pump casing to allow a small running clearance between the impcllcr and pump
casing without causing ',year of the actual impeller or pump casing material.

• "File lantern ring is inserted between rings of packing in the stuffing box to receive

relatively cool, clean liquid and distribute the liquid uniR_rmly around the shaft to
provide lubrication and cooling to the packing.
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CENTRIFUGAL PUMP OPERATION
__ [ II I I

Improper operation of centrifugal pumps can result in damage to the pump and
loss of function _!f the system that the pump is installed in. lt is helpful to know
what conditions can lead w pump damage to allow better understanding of pump
operating procedures and how the procedures aid the operator in avoiding pump
damage.

EO 1.3 DEFINE the following terms:

a. Net Positive Suction c. Gas binding
Head Available d. Shutoff head

b. Cavitation e. Pump runout

EO 1.4 STATE the relationship between net positive suction head
available and net positive suction head required that is
necessary to avoid cavitation.

EO 1.5 LIST three indications that a centrifugal pump may be
cavitating.

EO 1.6 1AST five change_ that can be made in a pump or its
surrounding system that can reduce cavitation.

EO 1.7 LIST three effects of cavitation.

EO 1.8 DESCRIBE the shape of the characteristic cnrve for a
centrifugal pump.

EO 1.9 DESCRIBE how centrifugal pumps are protected from
the conditions of dead heading and pump runout.

mill

Introduction

Many centrifugal pumps are designed in a manner that allows the pump to operate continuously
for months or even years. These centrifugal pumps often rely on the liquid that they are
pumping to provide cooling and lubrication to the pump bearings and other internal components
of the pump. If flow through the pump is stopped while the pump is still operating, the pump
will no longer be adequately cooled and the pump can quickly become damaged. Pump damage
can also result from pumping a liquid whose temperature is close to saturated conditions.
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Cavitation

The flow area at the eye of the pump impeller is usually smaller than either the flow area of the
pump suction piping or the flow area through the impeller vanes. When the liquid being pumped
enters the eye of a centrifugal pump, the decrease in flow area results in an increase in flow
velocity accompani _ by a decrease in pressure. The greater the pump flow rate, the greater
the pressure drop between the pump suction and the eye of the impeller. If the pressure drop
is large enough, or if the temperature is high enough, the pressure drop may be sufficient to
cause the liquid to flash to vapor when the local pressure falls below the saturation pressure for
the fluid being pumped. Any vapor bubbles formed by the pressure drop at the eye of the
impeller are swept along the impeller vanes by the flow of the fluid. When the bubbles enter
a region where local pressure is greater than saturation pressure farther out the impeller vane,
the vapor bubbles abruptly collapse. This process of the formation and subsequent collapse of
vapor bubbles in a pump is called cavitation.

Cavitation in a centrifugal pump has a significant effect on pump performance. Cavitation
degrades the performance of a pump, resulting in a fluctuating flow rate and discharge pressure.
Cavitation can also be destructive to pumps internal components. When a pump cavitates, vapor
bubbles form in the low pressure region directly behind the rotating impeller vanes. These
vapor bubbles then move toward the oncoming impeller vane, where they collapse and cause a
physical shock to the leading edge of the impeller vane. This physical shock creates small pits
on the leading edge of the impeller vane. Each individual pit is microscopic in size, but the
cumulative effect of millions of these pits formed over a period of hours or days can literally
destroy a pump impeller. Cavitation can also cause excessive pump vibration, which could
damage pump bearings, wearing rings, and seals.

A small number of centrifugal pumps are designed to operate under conditions where cavitation
is unavoidable. These pumps must be specially designed and maintained to withstand the small
amount of cavitation that occurs during their operation. Most centrifugal pumps are not
designed to withstand sustained cavitation.

Noise is one of the indications that a centrifugal pump is cavitating. A cavitating pump can
sound like a can of marbles being shaken. Other indications that can be observed from a remote
operating station are fluctuating discharge pressure, flow rate, and pump motor current.
Methods to stop or prevent cavitation are presented in the following paragraphs.

Net Positive Suction Head

To avoid cavitation in centrifugal pumps, the pressure of the fluid at ali points within the pump
must remain above saturation pressure. The quantity used to determine if the pressure of the
liquid being pumped is adequate to avoid cavitation is the net positive suction head (NPSH).
The net positive suction head available (NPSH^) is the differet_ce between the pressure at the
suction of the pump and the saturation pressure for the liquid being pumped. The net positive
suction head required (NPSHR) is the minimum net positive suction head necessary to avoid
cavitation.
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The condition that must exist to avoid cavitation is that the net positive suction head available
must be greater than or equal to the net positive suction head required. This requirement can
be stated mathematically as shown below.

NPSH A >__NPSH K

A formula for NPSHA can be stated as the following equation.

NPSH^ = P.,u,ti,,,," P._,tu,,ti,,,,

When a centrifugal pump is taking suction from a tank or other reservoir, the pressure at the
suction of the pump is the sum of the absolute pressure at the surface of the liquid in the tank
plus the pressure due to the elevation difference between the surface of liquid in the tank and
the pump suction less the head losses due to friction in the suction line from the tank to the
pump.

NPSH,_ = P,, + P,t- hf- P_.,,

Where:

NI:'SH,, = net positive suction head available
P, = absolute pressure on the surface of the liquid
P_, = pressure due to elevation between liquid surface and pump suction
h, = head losses in the pump suction piping
P.,,, = saluration pressure of the liquid being pumped

Preventing Cavitation

If a centrifugal pump is cavitating, several changes in the system design or operation may be
necessary to increase the NPSHA above the NPSHa and stop the cavitation. One method for
increasing the NPSHA is to increase the pressure at the suction of the pump. For example, if
a pump is taking suction from an enclosed tank, either raising the level of the liquid in the tank
or increasing the pressure in the space above the liquid increases suction pressure.

lt is also possible to increase the NPSH A by decreasing the temperature of the liquid being
punaped. Decreasing the temperature of the liquid decreases the saturation pressure, causing
NPSHA to increase. Recall from the previous module on heat exchangers that large steam
condensers usually subcool the condensate to less than the saturation temperature, called
condensate depression, to prevent cavitation in the condensate pumps.

If the head losses in the pump suction piping can be reduced, the NPSH^ will be increased.
Various methods lhr reducing head losses include increasing the pipe diameter, reducing the
number of elbows, valves, and fittings in the pipe, and decreasing the length of the pipe.

Rev. 0 Page 13 ME-03



CENTRIFUGAL PUMP OPERATION DOE-HDBK-IOI8/I-93 Pumps
i i' i i

lt may also be possible to stop cavitation by redticing the NPSH Rfor the pump. The NPSHR is
not a constant for a given pump under ali conditions, but depends on certain factors. Typically,
the NPSHR of a pump increases significantly as flow rate through the pump increases.
Therefore, reducing the flow rate through a pump by throttling a discharge valve decreases
NPSHR. NPSHR is also dependent upon pump speed. The faster the impeller of a pump rotates,
the greater the NPSHR. Therefore, if the speed of a variable speed centrifugal pump is reduced,
the NPSHR of the pump decreases. However, since a pump's flow rate is most often dictated
by the needs of the system on which it is connected, only linaited adjustments can be made
without starting additional parallel pumps, if available.

The net positive suction head required to prevent cavitation is determined through testing by the
pump manufacturer and depends upon factors including type of impeller inlet, impeller design,
pump flow rate, impeller rotational speed, and the type of liquid being pumped. The
manutacturer typically supplies curves of NPSH_ as a function of pump flow rate tor a particular
liquid (usually water) in the vendor manual for the pump.

Centrifugal Pump Characteristic Curves

For a given centrifugal pump operating at a constant speed, the flow rate through the pump is
dependent upon the differential pressure or head developed by the pump. The lower the pump
head, the higher the flow rate. A vendor manual tbr a specific pump usually contains a curve
of pump flow rate versus pump head called a pump characteristic curve. After a pump is
installed in a system, it is usually tested to ensure that the flow rate and head of tile pump are
within the required specifications. A typical centrifugal pump characteristic curve is shown in
Figure 11.

There are several terms associated with the pump characteristic curve that must be defined.
Shuto,ff'head is the maximum head that can be developed by a centrifugal pump operating at a
set speed. Pump runout is the maximum flow that can be developed by a centrifugal pump
without (l_maging the pump. Centrifugal pumps must be designed and operated to be protected
from tile conditions of pump runout or operating at shutoff head. Additional in|brmation may
be found in the handbook on Thermodynamics, Heat Transfer, and Fluid Flow.

SHUT-OFF HEAD"

--3

• PlIMP
RUNOU 1

FLOW RA_[

Figure I! Centrilugal Pump Characteristic Curve
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Centrifugal Pump Protection

A centrifugal pump is dead-headed when it is operated with no flow through it, for example,
with a closed discharge valve or against a seated check valve. If the discharge valve is closed
and there is no other flow path available to the pump, the impel!er will churn the same volume
of water as it rotates in the pump casing. This will increase the temperature of the liquid (due
to friction) in the pump casing to the point that it will flash to vapor. The vapor can interrupt
the cooling flow to the pump's packing and bearings, causing excessive wear and heat. If the
pump is run in this condition for a significant amount of time, it will become damaged.

When a centrifugal pump is installed in a system such that it may be subjected to periodic
shutoff head conditions, it is necessary to provide some means of pump protection. One method
for protecting the pump from running dead-headed is to provide a recirculation line from the
pump discharge line upstream of the discharge valve, back to the pump's supply source. The
recirculation line should be sized to allow enough tlow through the pump to prevent overheating
and damage to the pump. Protection may also be accomplished by use of an automatic flow
control device.

Centrifugal pumps must also be protected from runout. Runout can lead to cavitation and can
also cause overheating of the pump's motor due to excessive currents. One method for ensuring
that there is always adequate flow resistance at the pun_p discharge to prevent excessive flow
through the pump is to piace an orifice or a throttle valve immediately downstream of the pump
discharge. Properly designed piping systems are very important to protect from runout.

Gas Binding

Gas binding of a centrifugal pump is a condition where the pump casing is filled with gases or
vapors to the point where the impeller is no longer able to contact enough fluid to function
correctly. The impeller spins in the gas bubble, but is unable to force liquid through the pump.
This can lead to cc×_ling problems for the pump's packing and bearings.

Centrifugal pumps are designed so that their pump casings are completely filled with liquid
during pump operation. Most centrifugal pumps can still operate when a small amount of gas
accumulates in the pump casing, but pumps in systems containing dissolved gases that are not
designed to be self-venting should be periodically vented manually to ensure that gases do not
build tip in tlm pump casing.

P__riming Centrifugal Pumps

Most centrifugal pumps are not self-priming, In other words, the pump casing must be filled
with liquid before the pump is started, or the pump will not be able to function. If the pump
casing becomes filled with vapors or gases, the pump impeller becomes gas-bound and incapable
of pumping. To ensure that a centrifugal pump remains primed and does not become gas-bound,
most centrifugal pumps are located below the level of the source from which the pump is to take
its suction. The same effect can be gained by supplying liquid to the pump suction tinder
pressure supplied by another pump placed in the suction line.
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Summary

The important information in this chapter is summarized below.

Centrifilgai Pump Operation Summary

• There are three indications that a centrifl_gal pump is cavitating.
Noise

Fluctuating discharge pressure and flow
Fluctuating pump motor current

• Steps that can be taken to stop pump cavitation include:
Increase the pressure at the suction of the pump.
Reduce the temperature of the liquid being pumped.
Reduce head losses in the pump suction piping.
Reduce the flow rate through the pump.
Reduce the speed of the pump impeller.

• Three effects of pump cavitation are:

Degraded pump performance
Excessive pump vibration
Damage to pump impeller, bearings, wearing rings, and seals

• To avoid pump cavitation, the net positive suction head available must be greater
than the net positive suction head required.

• Net positive suction head available is the difference between the pump suction
l)ressure and the saturation pressure for the liquid being pumped.

• Cavitation is the process of the formation and subsequent collapse of vapor bubbles
in a punlp.

• Gas binding of a centrifugal pump is a condition where the pump casing is filled
with gases or vapors to the point where the impeller is no longer able to contact
enough fluid to function correctly.

• Shutoff head is the maximum head that can be developed by a centrifugal punH)

operating at a set spe_.
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Centrifugal Pump Operation Summary (Cont.)

• Pump runout is the maxinlum flow that can be developed by a centrifllgal pump
without damaging the pump.

• The greater the head against which a centrifugal pump operates, the lower tile tlow
rate through the punlt). The relationship between pump flow rate and head is
illustrated by the characteristic curve for the pump.

• Centriftxgal pumps are protected from dead-heading by providing a cecirculation
frorn the pump discharge back to the supply source of the pump.

• Centrifugal pumps are protected from runout by placing an orifice or throttle valve
imn'Lcdiately downstream of the pump discharge and through proper piping system
design.
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POSITIVE DISPLACEMENT PUMPS
ii

Positive displacement pumps operate on a different principle than centr(fi_gal
pumps. Positive displacement pumps physically entrap a quantity of liquid at the
suction qf the pump and push that quantity out the discharge of the pump.

EO 2.1 STATE the difference between the flow characteristics of

centrifugal and positive displacement pumps.

EO 2.2 Given a simplified drawing of a positive displacement pump,
CLASSIFY the pump as one of the following:

a. Reciprocating piston pump e. Moving vane pump
b. Gear-type rotary pump f. Diaphragm pump
c. Screw-type rotary pump
d. l_obe-type rotary pump

EO 2.3 EXPLAIN the intporlance of viscosity as it relates to the
operation of a reciprocating positive displacement pump.

EO 2.4 DESCRIBE the characteristic curve for a positive
displacement pump.

EO 2.5 DEFINE the term slippage.

EO 2.6 STATE how positive displacement pumps are prolecled
against overpressurization.

I I III Illll I I II

Introduction

A positive displacement punap is one in which a definite volume of liquid is delivered for each
cycle of pump operation, q'his volume is constant regardless of the resistance to flow offered
by the system the pump is in, provided the capacity of the power unit driving the pump or pump

component strength limits are not exceeded. The positive disphicement pump delivers liquid in
separate volumes with no delivery in between, although a l)ump having several chambers may
have an overlapping delivery among individual chambers, which minimizes this effect. The
positive displacement pump differs from centrifugal primps, which deliver a continuous flow fur
any given pump speed and discharge resistance.

Positive displacement pumps can be grouped into ti_ree basic categories based on their design
and operation. The three groups are reciprocating pumps, rotary pumps, and diaphragm pumps.
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Principle of Operation_

Ali positive displacement pumps operate on the same basic principle. This principle can be most
easily demonstrated by considering a reciprocating positive displacement pump consisting of a
single reciprocating piston in a cylinder with a single suction port and a single discharge port
as shown in Figure 12. Check valves in the suction and discharge ports allow flow in only one
direction.

• RE'SERVOIR"i .RESERVOIR

......1 L -'ucT'°Nl i
..... _.. J ,.

DISC HA Rt.;[ DI',>C HARG[:

t

SIjC"IONSTROKE DI'-=,CHAR(.;['Z,TROKE

Figure 12 Re_:iprocatingPositiveDisplacementPumpOperation

During the suction stroke, the piston moves to the left, causing the check valve in the suction
line between the reservoir and the pump cylinder to open and admit water from the reservoir.
l)uring the discharge stroke, the piston moves to the right, seating the check valve in the suctit_rl
line and owning the check valve in the discharge line. The volume of liquid moved by the
pump in one cycle (one suction stroke and one discharge slroke) is equal to lhe change in the
liquid volurne of the cylinder as the piston rnt_,,'es from its farthest left position to its farthest
right position.

Reciprocating Pumps

Reciprocating positive displacement pumps are generally categorized in four ways: direct-acting
or indirect-acting' simplex or duplex; single-acting or double-acting; and [×wver pumps.
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Direct-Acting and Indirect-Acting Pumps

Some reciprocating pumps are powered by prime movers that also have reciprocating
motion, such as a reciprocating pump powered by a reciprocating steam piston. The piston
rod of the steam piston may be directly connected to the liquid piston of the pump or it may
be indirectly connected with a beana or linkage. Direct-acting pumps have a plunger on the
liquid (pump) end that is directly driven by the pump rod (also the piston rod or extension
thereo0 and carries the piston of the power end. Indirect-acting pumps are driven by
means of a beam or linkage connected to and actuated by the power piston rod of a separate
reciprocating engine.

Simplex and Duplex Pumps

A simplex pump, sometimes referred to as a single pump, is a pump having a single liquid
(pump) cylinder. A duplex pump is the equivalent of two simplex pumps placed side by
side on the same foundation.

The driving of the pistons of a duplex pump is arranged in such a manner that when one
piston is on its upstroke the other piston is on its downstroke, and vice versa. This
arrangement doubles the capacity of the duplex pump compared to a sirnplex pump of
comparable design.

Single-Acting and Double-Acting I'um__0!_s

A single-acting pump is one that takes a suction, filling the pump cylinder on the stroke in
only one direction, called the suction stroke, and then forces the liquid out of tile cylinder
on the return stroke, called the discharge stroke. A double-acting pr,mp is one that, as it
fills one end of the liquid cylinder, is discharging liquid from the other end of the cylinder.
On the return stroke, the end of tile cylinder just emptied is filled, and the end just filled
is emptied. One possible arrangement for single-acting and double-acting pumps is shown
in Figure 13.

Power Pumps_

Power pumps convert rotary motion to low speed reciprtycating motion by reduction
gearing, a crankshaft, connecting rods and crosshe_ds. Plungers or pistons are driven by
the crosshead drives. Rod and piston construction, similar to duplex double-acting steam
pumps, is used by the liquid ends of the low pressure, higher capacity units. The higher
pressure units are normally single-acting plungers, and usually employ three (triplex)
plungers. Three or more plungers substantially reduce flow pulsations relative to simplex
and even duplex pumps.
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[:igure 13 Single-Acting and Double-Acting Puml_S

Power pumps typically have high efficiency and are capable of developing very high pressures.

They can be driv,_,, bv either electric motors or turbines. They are relatively exl_nsive pumps
and can rarely he justified on the basis of efficiency over centrifugal pumps. However, they

are frequently justified over steam reciprocating pumps where continuotts duty service is needed

due to the high steam requiretnents of direct-acting steam primps.

In general, the effective flow rate of recipr{x:ating purnps decreases as the viscosity of the fluid

being pumped increases becausc the speed of the purnp must be reduced. In contrast to

centrifugal pumps, the differential pressure generatcd by reciprocating pumps is independent of

fluid density, lt is dependent entirely on the amount of force exerted ota the piston. For more
information on viscosity, density, and positive displacement pump theory, refer to the handbook

on Thermodynamics, Heat Transfer, and Fluid Flow.
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Rotary Pumps

Rotary pumps operate on the principle that a rotating vane, screw, or gear traps the liquid in the
suction side of the pump casing and forces it to the discharge side of the casing. These pumps
are essentially self-priming due to their capability of removing air from _uction lines and
producing a high suction lift. In pumps designed for systems requiring high suction lift and self-
printing features, it is essential that all clearances between rotating parts, and between rotating
and stationary parts, be kept to a nlinimum in order to reduce slippage. Slippa_,,eis leakage of
fluid from the discharge of the pump back to its suction.

Due to the close clearances ill rotary pumps, it is necessary to operate these pumps at relatively
low speed in order to secure reliable operation and maintain pump capacity over an extended
period of time. Otherwise, the erosive action due to the high velocities of the liquid passing
through the narrow clearance spaces would soon cause excessive wear and increased clearances,
resulting in slippage.

There are many types of positive displacement rotary pumps, and they are normally grouped into
three basic categories that include gear pumps, screw pumps, and moving vane pumps.

Simple Gear Pumla

There are several variations of

gear pumps. The simple gear .._-_
pump shown in Figure 14
consists of two spur gears
meshing together and revolving

in opposite directions within a : __. ......-'C
casing. Only a few thousandths _
of an inch clearance exists . ,_.
between the case and tile gear SUCri(}N .. [._L<:,CHA_,'_:,[
laces and teeth extremities. Any .- ..... . . .- .... ,

liquid that fills the space bounded ---__ . 7--:
by two successive gear teeth and
the case must follow along with
the teeth as they revolve. When
the gear teeth mesh with the teeth
of the other gear, the space
between the teeth is reduced, and
the entrapped liquid is forced out Figure 14 Simple Gear Pump

the pump discharge pipe. As the
gears revolve and the teeth disengage, the space again opens on tile suction side of tlm
pump, trapping new quantities of liquid and carrying it around tile pump case to thc
discharge. As liquid is carried away from the suction side, a lower pressure is created,
which draws liquid in through the suction line.
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With the large number of teeth usually employed on the gears, the discharge is relatively
smooth and continuous, with small quantities of liquid being delivered to the discharge line
in rapid succession. If designed with fewer teeth, the space between the teeth is greater and
the capacity increases for a given speed; however, the tendency toward a pulsating
discharge increases. In ali simple gear pumps, power is applied to the shaft of one of the
gears, which transmits power to the driven gear through their meshing teeth.

There :_.reno valves in the gear pump to cause friction losses as in the reciprocating pump.
The high impeller velocities, with resultant friction losses, are not required as in the
centrifugal pump. Therefore, the gear pump is well suited for handling viscous fluids such
as fuel and lubricating oils.

:! Other Gear Pum.m_p__
!
I
! There are two types of gears used in gear pumps

in addition to the simple spur gear. One type is | ;::-::i_.

the helical gear. A helix is the curve produced ,,...... -,
q

when a straight line moves up or down the i ) ....; r ;:'t,17
. :: ' /surface of a cylinder. The other type is the .... ..... ....., .. ....

• l .

herringbone gear. A herringbone gear is ) ,.. "
composed of two helixes spiraling in different HELlCAt. " ;.... / _

I directions from the center of the gear. Spur, !

[ helical, and herringbone gears are shown in :."-i,'
[ Figure 15.

..1 ( .'
The helical gear pump has advantages over the ," i ; )'l. ....
simple spur gear. In a spur gear, the entire .... i ' '

|_11 length of the gear tooth engages at the same . ,-.... ' _,:

time. In a helical gear, the point of engagement , ,

i_ moves along the length of the gear tooth as the SPUR ' : _ i "
gear rotates. This makes the helical gear :' , .... _

- operate with a steadier discharge pressure and , _,'
fewer' pulsations than a spur gear pump.

' i '(', ' /'1 ;

The herringbone gear pump is also a ,' < ,.._,........... ,
modification of the simple gear pump. Its _. > ' .
principal difference in operation from the simple " : " "

spur gear pump is that the pointed center section ,. : : ' :..

of the space between two teeth begins :_":,::, i
discharging before the divergent outer ends of HERRINGBONE :,' :i
the preceding space complete discharging. This
overlapping tends to provide a steadier discharge
pressure. The power transmission from the
driving to the driven gear is also smoother and Figure 15 Types of Gears Used In Pumps

quieter.
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Lobe Type Pum_
DISCHARGE

The lobe type pump shown in Figure 16

is another variation of the simple gear _!f l_/-
pump. lt is considered as a simple gear -GIB

pump having only two or three teeth per //_;:./.--,7_)_ __(_ _rotor; otherwise, its operation or the _;;:

explanation of the function of its parts is (i_,_ !°_)--@.. qoj) Q))_;)no different. Some designs of lobe __. .....

pumps are fitted with replaceable gabs, __, %)---_jj
that is, thin plates carried in grooves at •

the extremity of each lobe where they _i"J t_
make contact with the casing. The gib
promotes tightness and absorbs radia!
wear. INTAKE

Figure 16 Lobe Type Pump

Screw-Type Positive Displacement Rotary Pump

There are many variations in the design of the screw type positive displacement, rotary
pump. The primary differences consist of the number of intermeshing screws involved, the
pitch of the screws, and the general direction of fluid flow. Two common designs are the
two-screw, low-pitch, double-flow pump and the three-screw, high-pitch, double-flow
pump.

Two-Screw, Low-Pitch, Screw Pump

The two-screw, low-pitch, screw pump consists of two screws that mesh with close
clearances, mountedon two parallel shafts. One screw has a right-handed thread, and
the other screw has a left-handed thread. One shaft is the driving shaft anddrives the
other shaft through a set of herringbone timing gears. The gears serve to maintain
clearances between the screws as they turn and to promote quiet operation. The
screws rotate in closely fitting duplex cylinders that have overlapping bores. Ali
clearances are small, but there is no actual contactbetween the two screws or between
the screws and the cylinder walls.
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The complete assembly and the usual flowr--1 ......

J i i..i]ji[ _ path are shown in Figure 17. Liquid is
, ,I _ i_:" trapped at the outer end of each pair of

, t::_ !i '' screws. As the first space between the screwthrea, srota,esawayfromtheop sitescrew
t _i'_''+_'_!__' at_",_':,,!}::,_,_,_one-turn, spiral-shaped quantity of liquid is

_"_t':t__IZl/b_ J, ' "_ _ enclosed when the end of the screw again

-_I57T'_27S=::_::::':'i'I| [[I[ meshes with the opposite screw. As the

i:(itr_[_; :,_ .,I. i i I j screw continues to rotate, the entrapped spiral
iil! _' turns of liquid slide along the cylinder toward

:iii !rlJ,i'l _-", " , i ":i:-: I the center discharge space while the next slug

_i; [:.J ' ,)) ; i.iii:_:::!:--._iI is being entrapped. Each screw /'unctions

' _:|:'j'ii:}.;i:|;_! 1;':.::"" I::_t similarly, and each pair of screws discharges• "i / an equal quantity of liquid in opposed streams

Ii. :,l_ ld I! '.,:-:_ ::'lI! .t, toward the center, thus eliminating hydraulic"_{ ,.i,i_...."i:".......... _! _,_::"i: I thrust. The removal of liquid from the
.4r_;., ...... "......... i :; ._.:.i suction end by the screws produces a
!_, ,it :_....._ I _ .' reduction in pressure, which draws liquid

through the suction line.

Three-Screw, High-Pilch, Screw IMmpFigure 17 Two-Screw, Low-Pitch,Screw Pump

The three-screw, high-pitch, screw pump,
shown in Figure 18, has many of the same
elements as the two-screw, low-pitch, screw

c'i::" i_r_ pump, and their operations are similar.
, . Three screws, oppositely threaded on each

' : ', Pow[_ end, are employed. They rotate in a triple
....... : ....... ' ROTOR cylinder, the two outer bores of which

_ : " " lDi) LER overlap the center bore. The pitch of theIDLER I i, _ i':

i_, " _,,,, % screws is much higher than in the low pitchROTOR !i;,il_" 'I'

,, _ screw pump; therefore, the center screw, or

i . i_, -",, power rotor, is used to drive the two outerHOUS,NG i: I', i!!_i idler rotors directly without external timing
j :_ : '

ii' .i ._, SUC'TION gears. Pedestal bearings at the base support
DISCHAR(.;[[, ! '¢'!:'_ ,jlmI the weight of the rotors and maintain their

'"_[' i' iii t_''_[_I axial position. The liquid being pumped

i ; _ il

ROTOR' !i IFT " enters the suction opening, flows through
HOUSING !t _,"' passages around the rotor housing, and

_"' through the screws from each end, in opposed
" "' '_ 'f--/':J'_' streams toward the center discharge. This

[. l.lfI _:'? .r I " L .._ . "....

.............. _ eliminates unbalanced hydraulic thrust. The
_...................................... lJ screw pump is used for purnping viscous

fluids, usually lubricating, hydraulic, or fuel
oil.

Figure 18 Three-Screw, High-Pitch, Screw Pump
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Rotary Moving Vane Pump

The rotary moving vane pump shown in Figure 19 is another type of positive displacement
pump used. The pump consists of a cylindrically bored housing with a suction inlet on one
side and a discharge outlet on the other. A cylindrically shaped rotor with a diameter
smaller than the cylinder is driven about an axis placed above the centerline of the cylinder.
The clearance between rotor and cylinder is small at the top but increases at the bottom.
The rotor carries vanes that move in and out as it rotates to maintain sealed spaces between

the rotor and the cylinder wall. fhe vanes trap liquid or gas on the suction side and carry
it to the discharge side, where contraction of the space expels it through the discharge line.
The vanes may swing on pivots, or they may slide in slots in the rotor.

SW_NmHGTYPE
MOVING VANES

DISCHARGE

SUCTION _ \

t " : ' " ' . . ' .i .:...

/ \
CYLINDER / ROTOR

Figure 19 Rotary Moving Vane Pump

Diaphragm Pumps

Diaphragm pumps are also classified as positive displacement pumps because the diaphragm acts
as a limited displacement piston. The pump will function when a diaphragm is forced into
reciprocating motion by mechanical linkage, compressed air, or fluid from a pulsating, external
source. The pump construction eliminates any contact between the liquid being pumped and the
source of energy. This eliminates the possibility of leakage, which is important when handling
toxic or very expensive liquids. Disadvantages include limited head and capacity range, and the
necessity of check valves in the suction and discharge nozzles. An exalnple of a diaphragm
pump is shown in Figure 20.
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I DISCHARGE
AIR-BLEED

VALVE t/ --

, _ ,_. \, x_-_.,,, .,,,¢,.,,, ,..,,.,,., .,,%_Ri,-N, hb," DIAPHRAGM

cQ l...... RECIPROCATING MOTION---- II "_-- .......

...........t_____ _ Ii

i SUCTION

Figure 20 Diaphragm Pump

Positive Displacement Pump Characteristic Curves

Positive displacement pumps deliver a definite volume of SLIPPAGE

liquid for each cycle of pump operation. Therefore, the i
only factor that effects flow rate in an ideal positive ".,-..-', IDEAL
displacement pump is the speed at which it operates. The REAL ',

L")

flow resistance of the system in which the pump is g
operating will not effect the flow rate through the pump. _-

13_

Figure 21 shows the characteristic curve for a positive :_
displacement pump. _-

The dashed line in Figure 21 shows actual positive
displacement pump performance. This line reflects the L__ FLOWRATE
fact that as the discharge pressure of the pump increases,
some amount of liquid will leak from the discharge of the
pump back to the pump suction, reducing the effective Figure 21
flOW rate of the pump. The rate at which liquid leaks PositiveDisplacement PumpCharacteristicCurve
from the pump discharge to its suction is called slippage.
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Positive Displacement Pump Protection

Positive displacement pumps are normally fitted with relief valves on the upstreana side of their
discharge valves to protect the pump and its discharge piping from overpressurization. Positive
displacement pumps will discharge at the pressure required by the system they are supplying.
The relief valve prevents system and pump damage if the pump discharge valve is shut during
pump operation or if any other occurrence such as a clogged strainer blocks system flow.

Summary

The important information in this chapter is summarized below.

Positive Displacement Pumps Summary

• The flow delivered by a centrifugal pump during one revolution of the impeller
depends upon the head against which tile pump is operating. The positive
displacement pump delivers a definite volume of fluid for each cycle of pump
operation regardless of the head against which the pump is operating.

• Positive displacement pumps may be classified in the following ways:
Reciprocating piston pump
Gear-type rotary pump
Lobe-type rotary pump
Screw-type rotary pump
Moving vane pump
Diaphragm pump

• As the viscosity of a liquid increases, the maximum speed at which a reciprocating
positive displacement pump can properly operate decreases. Therefore, as
viscosity increases, the maximum flow rate through the pump decreases.

• The characteristic curve for a positive displacement pump operating at a certain
speed is a vertical line on a graph of head versus flow.

• Slippage is the rate at which liquid leaks from the discharge of the pump back to
the pump suction.

• Positive displacement pumps are protected from overpressurization by a relief valve
on the upstream side of the pump discharge valve.
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