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Fluid mechanics is an essential component of many engineering degree courses.
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To the professional engineer, a knowledge of the behaviour of fluids is of crucial
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importance in cost-effective design and efficient operation of process plant. This book illustrates the application of theory in fluid mechanics and enables students
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new to the science to grasp fundamental concepts in the subject.
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Written around a series of elementary problems which the author works through
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to a solution, the book is intended as a study guide for undergraduates in process
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engineering disciplines worldwide. It will also be of use to practising engineers
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with only a rudimentary knowledge of fluid mechanics. Concentrating on incompressible,
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Newtonian fluids and single-phase flow
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through pipes, chapters include: continuity, energy and momentum; laminar flow and lubrication; tank drainage and variable head flow. A glossary of terms is included for reference and all problems use SI units of measurement.
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althoughstudentsof all engineering



disciplines will find it useful. It helps in preparation for examinations, when tackling coursework and assignments, and later in more advanced studies of the subject. In preparing this book I have not tried to replace other, fuller texts on the subje~t. Instead I have aimed at supporting undergraduate courses and academic tutors involved in the supervision of design projects. In the text, worked examples enable the reader to become familiar with, and to grasp firmly, important concepts and principles in fluid mechanics such as mass, energy and momentum. The mathematical approach is simple for anyone with prior knowledge of basic engineering concepts. I have limited the problems to those involving incompressible, Newtonian fluids and single-phase flow through pipes. There is no attempt to include the effects of compressible and non-Newtc;mian fluids, or of heat and mass transfer. I also held back from more advanced mathematical tools such as vectorial and tensorial mathematics.
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find difficulty with problems in fluid mechanics. They what is required or misapply the solutions. This book is is a collection of problems in elementary fluid mechanics solutions, and intended principally as a study aid for under-
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Many of the problems featured have been provided by university lecturers who are directly involved in teaching t1uid mechanics, and by professional engineers in industry. I have selected each problem specifically for the light it throws on the fundamentals applied to chemical engineering, and for the confidence its solution engenders. The curricula of university chemical engineering degree courses cover the fundamentals of t1uid mechanics with reasonable consistency although, in certain areas, there are some differences in both procedures and nomenclature. This book adopts a consistent approach throughout which should be recognizable to all students and lecturers. I have tailored the problems kindly contributed by industrialists to safeguard commercial secrets and to ensure that the nature of each problem is clear. There
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is no information or detail which might allow a particular process or company to be recognized. All the problems use SI units. As traditional systems of units are still very much in use in industry, there is a table of useful conversions. Fluid mechanics has ajargon of its own, so I have included a list of definitions.



Listof symbols



There are nine chapters. They cover a range from stationary fluids through fluids in motion. Each chapter contains a selected number of problems with solutions that lead the reader step by step. Where appropriate, there are problems with additional points to facilitate a fuller understanding. Historical references to prominent pioneers in fluid mechanics are also included. At the end of each chapter a number of additional problems appear; the aim is to extend the reader's experience in problem-solving standing of the subject.



and to help develop a deeper under-



The symbols used in the worked examples are defined below. Where possible, they conform to consistent usage elsewhere and to international standards. SI units are used although derived SI units or specialist terms are used where appropriate. Specific subscripts are defined separately.
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Term area of pipe or orifice area of channel or tank breadth of rectangular weir cQnstant velocity of sound Ch6zy coefficient coefficient concentration diameter



51or preferredunit m2 m2 m ms-l m 1I2s-1 gl-1 m



impeller diameter fraction friction factor



m



depth of body below free surface force gravitational acceleration head



m N ms-2 m



slope of channel constant fundamental dimension for length length mass loading mass mass flowrate mean hydraulic depth fundamental dimension for mass channel roughness
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number of pipe diameters rotational speed specific speed pressure power wetted perimeter volumetric flowrate radius frictional resistance radius



rps m3/4s-3/2 Nm-2 W



m m3s-l m Nm-2 m m



depth suction specific speed thickness of oil film time fundamental dimension for time torque velocity volume width work



w



principal co-ordinate distance



m



principal co-ordinate distance



m



principal co-ordinate static head
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Fluid mechanics forms an integral part of the education of a chemical engineer. The science deals with the behaviour of fluids when subjected to changes of pressure, frictional resistance, flow through pipes, ducts, restrictions and production of power. It also includes the development and testing of theories devised to explain various phenomena. To the chemical engineer, a knowledge of the behaviour of fluids is of crucial importance in cost-effective design and efficient operation of process plant. Fluid mechanics is well known for the large number of concepts needed to solve even th~ apparently simplest of problems. It is important for the engineer to have a full and lucid grasp of these concepts in order to attempt to solve problems in fluid mechanics. There is, of course, a considerable difference between



mm s Nm ms-l m3 m



Greek



~ 8 ~



E



11 8 AIl v 1t P cr 't ffi



VI



ratio of pipe to throat diameter film thickness finite difference



mm



absolute roughness pump efficiency angle friction factor



mm



dynamic viscosity kinematic viscosity 3.14159 density surface tension shear stress friction factor



Nsm-2 m2s-1



angular velocity
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kgm-3 Nm-l Nm-2 radians
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studying the principles of the subject for examination purposes, and their application by the practising chemical engineer. Both the student and the professional chemical engineer, however, require a sound grounding. It is essential that the basics are thoroughly understood and can be correctly applied. Many students have difficulty in identifying relevant information and fundamentals, particular~y close to examination time. Equally, students may be hesitant in applying theories covered in their studies, resulting from either an incomplete understanding of the principles or a lack of confidence caused by unfamiliarity. For those new to the subject, finding a clear path to solving a problem may not always be straightforward. For the unwary and inexperienced, the opportunity to deviate, to apply incorrect or inappropriate formulae or to reach a mathematical impasse in the face of complex equations, is all too real. The danger is that the student will dwell on a mathematical quirk which may be specific purely to the manner in which the problem has been (incorrectly) approached. A disproportionate amount of effort will therefore be expended on something irrelevant to the subject of fluid mechanics. Students deyelop and use methods for study which are dependent on their own personal needs, circumstances and available resources. In general, however, a quicker and deeper understanding of principles is achieved when a
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problem is provided with an accompanying solution. The worked example is a recognized and widely-used approach to self-study, providing a clear and logical approach from a distinct starting point through defined steps, together with the relevant mathematical formulae and manipulation. This method benefits the student by appreciation of both the depth and complexity involved in reaching a solution. While some problems in fluid mechanics are straightforward, unexpected difficulties can be encountered when seemingly similar or related simple problems require the evaluation of a different but associated variable. Although the solution may require the same starting point, the route through to the final answer may be quite different. For example, determining the rate of uniform flow along an inclined channel given the dimensions of the channel is straightforward. But determining the depth of flow along the channel for given parameters in the flow presents a problem. Whereas the former is readily solved analytically, the latter is complicated by the fact that the fluid velocity, flow area and a flow coefficient all involve the depth of flow. An analytical solution is no longer possible, thus requiring the use of graphical or trial and error approaches. There are many similarities between the governing equations in heat, mass and momentum transport and it is often beneficial to bring together different branches of the subject. Other analogies between different disciplines are also useful, although they must be applied with care. In fluid mechanics, analogies between electrical current and resistance are often used, particularly in dealing with pipe networks where the splitting and combining oflines can be likened to resistors in parallel and in series. Some applications of fluid mechanics require involved procedures. Selecting a pump, for example, follows a fairly straightforward set of welldefined steps although the lengthy procedure needed can become confusing. It is important to establish the relationship between the flowrate and pressure, or head, losses in the pipework connecting process vessels together. With frictionallosses due to pipe bends, elbows and other fittings represented by either equivalent length pipe or velocity heads, pumping problems therefore require careful delineation. Any pump calculation is best reduced to the evaluation of the suction pressure or head and then of the discharge head; the difference is the delivery head required from the pump. For a sizing calculation, all that is really needed is to determine the delivery head for the required volumetric flowrate. As in many process engineering calculations dealing with ~quipment sizing, the physical layout plays an important part, not only in standardizing the method for easy checking but also in simplifing the calculations. Obviously there will be cases requiring more detail but, with a bit of attention, such deviations from practice can easily be incorporated.
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Finally, the application of fluid mechanics in chemical engineering today relies on the fundamental principles largely founded in the seventeenth and eighteenth centuries by scientists including Bernoulli, Newton and Euler. Many of today's engineering problems are complex, non-linear, threedimensional and transient, requiring interdisciplinary approaches to solution. High-speed and powerful computers are increasingly used to solve complex problems, particularly in computational fluid dynamics (CFD). It is worth remembering, however, that the solutions are only as valid as the mathematical models and experimental data used to describe fluid flow phenomena. There is, for example, no analytical model that describes precisely the random behaviour of fluids in turbulent motion. There is still no substitute for an all-round understanding and appreciation of the underlying concepts and the ability to solve or check problems from first principles.
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'The scientist describes what is: the engineer creates what never was. ' Theodore von Karman (1881-1963)
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Fluidstatics



Introduction Fluids, whether moving or stationary, exert forces over a given area or surface. Fluids which are stationary, and therefore have no velocity gradient, exert normal or pressure forces whereas moving fluids exert shearing forces on the surfaces with which they are in contact. It was the Greek thinker Archimedes (c287BC-c212BC) who first published a treatise on floating bodies and provided a significant understanding of fluid statics and buoyancy. It was not for another 18 centuries that the Flemish engineer Simon Stevin (1548-1620) correctly.provided an explanation of the basic principles of fluid statics. Blaise Pascal (1623-1662), the French mathematician, physicist and theologian, performed many experiments on fluids and was able to illustrate the fundamental relationships involved. In the internationally accepted SI system (Systeme International d'Unites), the preferred derived units of pressure are Newtons per square metre (Nm-2) with base units of kgm-l s-l. These units, also known as the Pascal (Pa), are relatively small. The term bar is therefore frequently used to represent one hundred thousand Newtons per square metre (105 Nm-2 or 0.1 MPa). Many pressure gauges encountered in the process industries are still to be found calibrated in traditional systems of units including the Metric System, the Absolute English System and the Engineers' English System. This can lead to confusion in conversion although many gauges are manufactured with several scales. Further complication arises since the Pascal is a relatively small term and SI recommends that any numerical prefix should appear in the numerator of an expression. Although numerically the same, Nmm-2 is often wrongly used instead of MNm-2. It is important to note that the pressure of a fluid is expressed in one of two ways. Absolute pressure refers to the pressure above total vacuum whereas gauge pressure refers to the pressure above atmospheric, which itself is a variable quantity and depends on the local meteorological conditions. The atmospheric pressure used as standard corresponds to 101.3kNm-2 and is equivalent
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to approximately 14.7 pounds force per square inch, or a barometric reading of 760 mmHg. The pressure in a vacuum, known as absolute zero, therefore corresponds to a gauge pressure of -101.3 kNm-2 assuming standard atmospheric pressure. A negative gauge pressure thus refers to a pressure below atmospheric. The barometer is a simple instrument for accurately measuring the atmospheric pressure. In its simplest form it consists of a sealed glass tube filled with



1.1 Pressureat a point Determine the total force on a wall of an open tank 2 m wide containing fuel oil of density 924 kgm-3 at a depth of2 m.



Patm



--- -- -- ---------- -



a liquid (usually mercury) and inverted in a reservoir of the same liquid. The atmospheric pressure is therefore exerted downwards on the reservoir of liquid such that the liquid in the tube reaches an equilibrium elevation. Above the liquid meniscus exists a vacuum, although in actual fact it corresponds to the vapour pressure of the liquid. In the case of mercury this is a pressure of 10 kNm-2 at 20°c. In addition to gauges that measure absolute pressure, there are many devices and instruments that measure the difference in pressure between two parts in a system. Differential pressure is of particular use for determining indirectly the rate of flow of a process fluid in a pipe or duct, or to assess the status of a
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he ran home through the streets naked shouting 'Eureka! Eureka! found it! I have found it!'.
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Although there are many sophisticated pressure-measuring devices available, manometers are still commonly used for measuring the pressure in vessels or in pipelines. Various forms of manometer have been designed and generally are either open (piezometer) or closed (differential). For manometer tubes with



tance to shear and include both gases and liquids, gases differ from liquids in that they are compressible and may be described by simple gas laws. Liquids are effectively incompressible and for most practical purposes their density remains constant and does not vary with depth (hydrostatic pressure). At ultra high pressures this is not strictly true. Water, for example, has a 3.3% compressibility at pressures of 69 MNm-2 which is equivalent to a depth of 7 kill. It was Archimedes who first performed experiments on the density of solids by immersing objects in fluids. The famous story is told of Archimedes being asked by King Hiero to determine whether a crown was pure gold throughout or contained a cheap alloy, without damaging the crown. Supposedly, while in a public bath, Archimedes is said to have had a sudden thought of immersing the crown in water and checking its density. He was so excited that
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particular piece of process equipment during operation - for example, identifying the accumulation of deposits restricting flow, which is important in the case of heat exchangers and process ventilation filters.



a bore of less than 12 mm, capillary action is significant and may appreciably raise or depress the meniscus, depending on the manometric fluid. Finally, while fluids may be described as substances which offer no resis-



STATICS



P2



Solution To determine the pressure at a point in the static liquid below the free surface, consider the equilibrium forces on a wedge-shaped element of the liquid. Resolving.in the x-direction



pb.yLsin8-Plb.yb.Z



=0



where sin 8 = b.z L Then P =Pl Resolving in the z-direction F + pb.yLcos8 - P2;}.xb.y= 0 where 3



\



FLUID



MECHANICS



cos 8



FLUID



= Lix



STATICS



1.2 Pressurewithina closedvessel



L



and the weight (force due to gravity) of the element is F =mg Lixfiz



= p-fiyg2



A cylindrical vessel with hemispherical ends is vertically mounted on its axis. The vessel contains water of density 1000 kgm-3 and the head space is pressurized to a gauge pressure of 50 kNm-2. The vertical wall section of the vessel has a height of 3 m and the hemispherical ends have radii of 1 m. If the vessel is filled to half capacity, determine the total force tending to l(it the top dome and the absolute pressure at the bottom of the vessel.



If the element is reduced to zero size, in the limit this term disappears because it represents an infinitesimal higher order than the other terms and may be ignored. Thus



/~~::~~~};/



P =P2



//



Note that the angle of the wedge-shaped element is arbitrary. The pressure pis therefore independent of 8. Thus, the pressure at a point in the liquid is the same in all directions (Pascal's law). To determine the pressure at a depth H, the equilibrium (upward and downward) forces are



=0



3m



p



= 50



--------- --



which reduces to
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p armLixfiy + pLixfiyHg - pLixfiy



kNm-2



---



=P arm + pgH H = 2.5 m



The pressure (above atmospheric) at the base of the tank is therefore



p



aim



= pgH = 924 x g x 2



= 18.129



~
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X 103 Nm-2



The total force exerted over the wall is therefore



F



= pa 2



Solution



18.129x 103 x2x2 2



= 36258



X



103 N



The total force is found to be 36.26 kNm-2.



The total vertical force, F, tending to lift the dome is the pressure applied over the horizontal projected area F



2



= Pv 'ITr



where Pv is the gauge pressure within the vessel. That is F = 50 x 103 X 'ITX 12



= 156 X 106 N
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Note that above the liquid surface the pressure in the head space is exerted uniformly on the inner surface of the vessel. Be]ow the liquid, however, the pressure on the vessel surface varies with depth. The absolute pressure (pressure above a vacuum) at the bottom of the vessel is therefore



p



= Palm



+ Pv + pgH



= 101.3 X 103



1.3 Forceswithina hydraulicram A hydraulic ram consists of a weightless plunger of cross-sectional area 0.003 m2 and a piston of mass 1000 kg and cross-sectional area 0.3 m2. The system is filled with oil of density 750 kgm-3. Determine the force on the plunger requiredfor equilibrium if the plunger is at an elevation of2 m above the piston.



+ 50 X ]03 + 1000 X g X 2 j



= ]75.3 X 103 Nm-2



V2



The force tending to lift the dome is 1.56 MN and the pressure at the bottom of the vessel is 175.3 kNm-2.



Plunger



Note that, unlike the gas pressure which is exerted uniformly in the head space, the analysis to determine the hydrostatic forces acting on the submerged curved surface (lower domed section) requires resolving forces in both the vertical and horizontal directions. The magnitude of the horizontal reaction on the curved surface is equal to the hydrostatic force which acts on a vertical projection of the curved surface, while the magnitude of the vertical reaction is equal to the sum of the vertical forces above the curved surface and includes the weight of the liquid. In this case, however, the vessel is symmetrical such that the hydrostatic force is in the downward direction. The downward force imposed by the gas and liquid is thus F



= (Pv



+ pgh)7tr



2



+ pg-



27tr 3



= 223.8 kN



2m
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Oil



2



= (50,000 + 1000 X g X 1.5)X 7txl



= 223,854 N
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Solution 2



2X7tx]3



+ 1000 X g X -



For the pisto~, the pressure at the datum elevation xx is



3 Pxx



FI



=-



al



where F I is the force of the piston and a 1is the area of the piston. This pressure is equal to the pressure applied by the plunger at the same datum elevation. That is Pxx



F2



=-



a2



+ PougH



where F2 is the force on the plunger, a2 is the area of the plunger and H is the elevation of the plunger above the datum. Therefore



Fl = F2 + PoilgH al a2
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, Rearranging



1.4 Liquid-liquidinterfacepositionin a solventseparator Mixtures which contain two mutually insoluble organic and aqueous liquids



F2=a2(:: -PougH J =O.o03X lOOOXg -750xg ( 0.3
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=54N The force required for equilibrium is found to be 54 N. Note that if no downward force is applied to the weightless plunger, the plunger would rise to an elevation of 4.44 m. The hydraulic ram illustrated is an example of a closed system in which the pressure applied by the piston is transmitted throughout the hydraulic fluid (oil). The principle of pressure transmission is known as Pascal's law after Pascal who first stated it in 1653. Hydraulic systems such as rams, lifts and jacks are based on this principle and are useful for lifting and moving purposes. It is usual in such hydraulic systems to replace the piston with compressed air. The force applied is then controlled by the applied air pressure. High pressures can therefore be achieved, as in the case of hydraulic presses, in which the force exerted against a piston in turn exerts the force over a smaller area. For example, the plunger shown corresponds to a diameter of 62 mm over which an equilibrium pressure of 18 kNm-2 is applied. If it were to be connected to a shaft 18 mm in diameter, then the force exerted over the area of the shaft would correspond to 222 kNm-2 - a factor of 12 times greater.



are to be separated in a separator which consists of a vertical chamber with overflow and underflow. The mixture isfed slowly to the separator in which the aqueous phase, of constant density J 100 kgm-3, is discharged from the underflow at the base of the chamber to a discharge point 50 cm below the overflow level in the chamber. The organic phase can vary in density from 600-800 kgm-3. Determine the minimum height of the chamber, H, which can be used if the organic phase is not to leave with the aqueous phase. If the height H is made equal to 3 m, determine the lowest possible position of the inteiface in the chamber below the overflow.
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Solution The separator is assumed to operate at atmospheric pressure. Equating the pressure in the chamber and discharge point for the maximum possible depth (in metres) for the organic phase in the chamber gives
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PogH =Paqg(H
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1.5 Liquid-liquidinterfacemeasurementby differentialpressure



where Po and P aq are the densities of organic and aqueous solutions, respectively. Rearranging H



=



Aqueous nitric acid is separated from an insoluble oil in a vessel. Dip legs extend into both phases through which air is gently discharged sufficient to overcome the hydrostatic pressure. Determine the position of the inteiface between the legs if the legs are separated a distance of 1 mfor which the differential pressure between the legs is 10 kNm-2. The densities of oil and nitric acid are 900 kgm-3 and 1070 kgm-3, respectively.



OSPaq Paq -Po



To ensure no loss of organic phase with the aqueous phase, the height of the chamber is greatest for the highest possible organic density (800 kgm-3). Therefore H



=
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OSx 1100



1100- 800 =2.2m



+Air



For a fixed length of chamber of 3 m, the interface between the two phases is determined from the pressure in the chamber and discharge point. That is



-0-



+Air



1----=-1



00 I v I



PogH] +PaqgHz =Paqg(H -OS) where



Freesurface 1OH



.T Hj



H=H]+H2 ..1H'2 .



Therefore



:



. '"""'" v'O Nitric acid



PogH] +Paqg(H



-H])=Paqg(H



-OS)



Rearranging, the interface position is at its lowest position when the organic phase has a density of 600 kgm-3. That is HI



=



Solution The use of dip legs is an effective way of measuring liquid densities, liquidliquid interface positions and detecting the presence of solid material in liquids. As it has no moving or mechanical parts it is essentially maintenance free and it has therefore found application in the nuclear industry amongst others. In this application, the dip legs are used to determine the position of the liquid-liquid interface in which the densities of the two phases are assumed to be constant. The differential pressure between the legs is



OSp aq



P aq - Po OS x 1100 1100 - 600 =l.lm The maximum depth is found to be 2.2 m and the interface below the overflow is found to be 1.1 m. Ideally, the feed point to the chamber- should be located at



/';.p =PogH]



where P 0 and P 11are the densities of the oil and nitric acid and where the fixed distance between the ends of the dip legs is



the liquid-liquid interface to ensure quick and undisturbed separation. Where the density of the organic phase is expected to vary, either an average position or the position corresponding to the most frequently encountered density may be used.
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1.6 Measurementof crystalconcentration by differentialpressure



Eliminating H 2 and rearranging H 1 -_!!.p -PngH



(p 0



-



The concentration of sodium sulphate crystals in a liquid feed to a heat exchanger is determined by a differential pressure measurement of the saturated liquid in the vertical leg feeding the heat exchanger. If the pressure measurements are separated by a vertical distance of 1.5 m, determine the density of the solution with crystals and thefraction of crystalsfor a differential pressure measurement of 22 kNm-2. The density of saturated sodium sulphate is 1270 kgm-3 and density of anhydrous solution sulphate is 2698 kgm-3.



Pn)g



- 10 X 103 - 1070 x g x 1 (900 -1070)



STATICS



x g



= 0.30 m The depth is found to be 30 cm below the upper dip leg. Note that a single dip leg can be used to determine the depth of liquids of constant density in vessels in which the gas pressure applied is used to overcome the hydrostatic pressure. For cases in which the density of the liquid is likely to vary, due to changes in concentration or the presence of suspended solids, the density can be determined using two dip legs of different length, the ends of which are a fixed distance apart. In the more complicated case of two immiscible liquids in which the densities of both phases may vary appreciably, it is possible to determine the density of both phases and the location of the interface using four dip legs with two in each phase. In practice, it is necessary to adjust carefully the gas pressure until the hydrostatic pressure is just overcome and gas flows freely from the end of the dip leges). Sensitive pressure sensing devices are therefore required for the low gauge pressures involved. Fluctuating pressure readings are usually experienced, however, as the gas bubbles form and break off the end of the leg. Conversion charts may then be used to convert a mean pressure reading to concentration, interface position or liquid volume, as appropriate.
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Solution Assuming no differential pressure loss due to friction in the leg, the differential pressure is due to the static pressure between the pressure measurement points. That is !!.p =pgH where P is the density of the solution.
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1.7 Pressurewithin a gasbubble



Rearranging



P=b.p gH 22 x 103 g x 15



= 1495 kgm-3



A small gas bubble rising in an open batchfermenter has a radius of 0.05 cm when it is 3 m below the surface. Determine the radius of the bubble when it is i m below the surface. it may be assumed that the pressure inside the bubble is 2 air above the pressure outside the bubble, where r is the radius of the bubble and 0"is the surface tension of the gas-fermentation broth and has a value of 0.073 Nm-l. The pressure and volume of the gas in the bubble are related by the expression pV = c where c is a constant.



The density of the solution with crystals is 1495 kgm-3. This density is greater than that of the saturated sodium sulphate solution alone and therefore indicates



Palm



the presence of crystals for which the fractional content is found from



+



P = IIp s + 12p c



+



+ Free surface



+



-



--------



wherep s is the density of saturated solution, p c is the density of crystals, andfl and12 are the respective fractions where



HI



fI+12=l Eliminating fI



~



Gas bubble



\iY



12=P-Ps Pc -Ps 1495 -1270 2698 -1270



= 0.157



Solution



That is, the crystal content is found to be 15.7%. This is, however, an overestimate since frictional effects of the flowing liquid in the leg are ignored. Where



At a depth of 3 m, the pressure within the bubble,PI, is dependent on the pressure at the free surface, the hydrostatic pressure and surface tension effect. Thus



they can not be ignored the differential pressure is modified to PI



b.p =pg(H



= Palm



+ pgHI +-



-HL)



where H L is the head loss due to friction.



= 101.3 X 103



20" rl



+ 1000 X g X 3 + 2 X 0.Q73 5 X 10-4



= 13l.Q22 X 103 Nm-2
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1.8 Pressuremeasurementby differentialmanometer



At a depth of 1 m, the pressure inside the bubble, P2' is 2cr P2 = Palm + pgH 2 +



= 101.3 X 103



STATICS



Determine the pressure difference between two tapping points on a pipe carrying waterfor a differential manometer reading of 20 cm of mercury. The specific gravity of mercury is 13.6.



-



r2



+ 1000 X g xl + 2 X 0.073 rz



= 111.11X 103 + 0.146



-



rz



- -



FIOW-I----,;, Since pV is a constant, then
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P2



HI
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PI VI =P2V2 where for a spherical bubble 4 3 4 3 PI-1trl =pZ-1tr2 3 3



W"",



That is



I "



IH



x



Mercury



3 Plrl



3 =P2rz



Therefore



131.022 X 103 X (5 X 10-4)3 =(111.11 X 103 + 0.::6)x



ri



Solution The differential or V-tube manometer is a device used to measure the difference in pressures between two points and consists of a transparent V-tube, usually made of glass, and contains a manometric fluid such as mercury. It is typically used to measure the pressure drop of moving fluids due to friction along pipes or due to obstacles in pipelines such as flow measuring devices, fittings and changes in geometry. The pressure difference of the process fluid is indicated by the difference in levels of the manometric fluid between the two vertical legs of the V-tube which, at the datum elevation xx, are



The cubic equation can be solved analytically, by trial and error or by assuming that the second term in the brackets is substantially small, reducing the effort required for solution to yield a bubble radius of approximately 0.053 mm.



PI +pg(HI



+H)=pZ



+pgH[



+PHggH



where P Hg is the density of mercury and P the density of water.
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Rearranging, the differential pressure t!.p between the legs is



1.9 Pressuremeasurementby invertedmanometer A laboratory rig is used to examine the frictional losses in small pipes. Determine the pressure drop in a pipe carrying water if a differential head of 40 cm is recorded using an inverted manometer.



t!.p = PI - P2 =pgHI



+PHggH



-pg(HI



STATICS



+H)



= (p Hg - p)gH = (13,600 -1000) x g x 02 = 24.721 X 103 Nm-2 The differential pressure is 24.7 kNm-2. Note that the location of the manometer below the pipe, HI, is not required in the calculation. In practice it is important to allow sufficient length in the legs to prevent the manometric fluid reaching the tapping point on the pipe for high differential pressures. Filled with mercury, differential manometers can typically be used to measure differentials up to about 200 kNm-2 or with water to about 20 kNm-2. Where a temperature variation in the process fluid is



x Water



expected, it is important to allow for density-temperature variation of the manometric fluid, which can affect readings. In general, the U-tube differential manometer as a pressure-measuring device is largely obsolete. There are many sophisticated methods and pressuremeasuring devices now used by industry. But the differential manometer continues to be a useful tool in the laboratory and for testing purposes.
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Solution The inverted manometer avoids the use of a manometric fluid and instead uses the process fluid (water in this case) to measure its own pressure. It consists of an inverted U-tube with a valve into which air or an inert gas can be added or vented. Here, the pressure at the datum elevation xx, in left and right hand legs IS PI -pg(H



+ HI)=P2



-pgHI



-PairgH



where P is the density of water and P air is the density of air. Rearranging, the differential pressure t!.p is therefore t!.p =PI -P2 =pg(H



= (p 18



+HI)-pgHI



-PairgH



Pair )gH
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1.10 Pressuremeasurementby singlelegmanometer



Since the density of air is in the order of 1000 times less than that of water, it



A mercury-filled single leg manometer is used to measure the pressure drop across a section of plant containing a process fluid of density 700 kgm-3. The pressure drop is maintained by an electrical device which works on an on/off principle using a contact arrangement in a narrow vertical tube of diameter 2 mm while the sump has a diameter of2 em. If the pressure drop across the plant is to be increased by 20 kNm~2, determine the quantity of mercury to be removed from the sump if the position of the electrical contact cannot be altered.



may therefore be reasonably assumed that the differential pressure is approximated to !!J.p'" pgH '" 1000 x g x 0.4



= 3924 Nm-2 The differential pressure is found to be 3.9 kNm-2. As with the differential manometer, the elevation of the manometer, HI, is not required in the calculation. In practice, however, it is important to ensure a reasonable position of liquid levels in the legs. This is best achieved by pressurizing the manometer with air or inert gas using the valve, where for high pressures the density may become appreciable and should be taken into consideration. In the case of air, the error in the calculation is unlikely to be greater than 0.5%. In the case illustrated, the density of water corresponds to a temperature of 10°Cfor which the density of air at atmospheric pressure is 1.2 kgm- 3. If this had been taken into account, it would have yielded a differential pressure of 3919 Nm-2 or an error of 0.12%.A moresignificanterroris likelyto be dueto the effectsoftemperature on density and may affect the result by as much as 1%. Other errors are likely to be caused by defining the top level of the manometric fluid in the vertical leg due to its meniscus. A column-height accuracy of 0.025 mm is, however, generally achievable with the keenest eye reading.



Plant



- - ---



-r



~



-'T Signal to pressure control mechanism



Sensing device



Process fluid
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Tube Electrical contact



Solution The single leg manometer uses a sump or reservoir of large cross-section in place of one leg. When a differential pressure is applied, the level in the leg or tube rises due to a displacement from the sump. The ratio of leg to sump area is generally needed for particularly accurate work but is ignored for most purposes since the area of the sump is comparatively larger than that of the leg. The device in this case operates when the level of mercury in the tube falls, breaking the electrical circuit. The pressure control mechanism therefore 21
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receives a signal to increase the pressure difference. When the mercury level rises, the opposite occurs. An increase in pressure drop of 20 kNm-2 therefore corresponds to an increase in difference in level of mercury of



STATICS



1.11 Pressuremeasurementby inclinedlegmanometer An oil-filled inclined leg manometer is used to measure small pressure changes across an air filter in a process vent pipe. If the oil travels a distance of 12 cm along the leg which is inclined at an angle of 20° to the horizontal, determine the gauge pressure across the filter. The density of oil is 800 kgm-3.



H=~ (p Hg - p) g 20 X 103



P2



- (13,600 - 700) x g



= 0.158 m The volume of mercury to be removed to ensure the contact is still just made is therefore 2 V=1td



H



4



Solution



2 - 1t x 0.02 4



x 0.158



This instrument is useful for measuring small differential pressures and consists of. a sump of manometric fluid (oil) with a leg extended down into it and inclined at some small angle. Applying a differential pressure across the sump and the leg results in a displacement of the manometric fluid into the leg, the distance the manometric liquid travels up along the leg being a measure of differential pressure and is



= 4.96 x 10-5 m3



°1



That is, the volume to be removed is approximately 50 ml. Note that if the displacement of mercury from the sump into the tube is taken into account then this would correspond to a drop in level in the sump, H s ' of



!1P=P]-P2 H



i



Iii



=~H s A



=pg(H] +H2)



I



If the oil is displaced from the sump up along the leg by a distance L, the corresponding drop in level in the sump, H] , is therefore



i



II



~(~



JH



°.0002



= (



0.Q2



H 2 x 0.158



J



_aL ]-A



Also, the vertical rise of the oil is related to length by the sine of the angle of the inclined leg. That is



= 1.58x 10-5 m



H2



This is very small and ignoring it is justified.
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The differential pressure is therefore



b.p = pgl
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1.12 Archimedes'principle A vessel containing a process material with a combined total mass of 100 kg is immersed in water for cooling purposes. Determine the tension in the cable of an overhead crane used to manoeuvre the fully immersed container into its storage position if the bulk density of the vessel is 7930 kgm-3.



~ + Lsin e )



= pgLl ~ + sin e ) As no details are provided regarding the dimensions of the manometer, the cross-sectional area of the oil sump, A, is therefore assumed to be very much larger than the area of the leg, a. The equation therefore reduces to b.p



= pgL sin e = 800 x g x 0.12 x sin 20



0



= 322 Nm-2



- -- -- -- -



The differential pressure is found to be 322 Nm-2. The device is particularly useful for measuring small differential pressures since if the terms inside the brackets are kept small it allows the length along the inclined leg, L, to be appreciable. If, for a given differential pressure, the equivalent movement of manometric liquid up a vertical leg would be h, say, then the ratio of movements L to h



Container
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Lh



------ - --



~ + sin e A



Solution



can therefore be considered as a magnification ratio.



Consider a body of mass me immersed in the liquid such that the net downward force is the difference



between the downward



and upward forces. That is



F=mcg-mg where m is the mass of water displaced. This is known as Archimedes' ciple and states that when a body is partially



prin-



or totally immersed, there is an



upthrust equal to the weight of fluid displaced. For the immersed object, the net downward



force is taken by the tension in the cable and can be determined



where the mass of the container and water displaced is related to volume by V=~ Pc m p
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where Pc is the bulk density of the container and P is the density of water. Rearranging, the mass of water displaced by the container is therefore m=m c- P Pc



STATICS



1.13 Specificgravitymeasurementby hydrometer A hydrometer floats in water with6 emof its graduatedstemunimmersed,and in oil ofSG 0.8 with 4 em of the stem unimmersed. Determine the length of stem unimmersed when the hydrometer is placed in a liquid of SG 0.9.



The tension in the cable is therefore



1F=mcg



(



~ Pc



) 1000



x



= 100x g x ( 1 - 7930 )



= 857 N That is, the tension in the cable is 857 N. Note that the tension in the cable when the vessel is lifted out of the water is



f



- ---



-



--
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'L



= mg =1O0xg



= 981N The buoyancy effect therefore reduces the tension in the cable by 124 N.



Weight



Solution Hydrometers are simple devices for measuring the density or specific gravity of liquids routinely used in the brewing industry to determine quickly the conversion of sugar to alcohol in fermentation. They consist of a glass tube which have a weighted glass bulb and graduated stem of uniform diameter and float in the liquid being tested. The density or specific gravity (SG) is usually read directly from the graduated stem at the depth to which it sinks. For no net downward force, the vertical downward forces acting on the body are equal to the upthrust. Thus mg =mhg
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1.14 Transferof processliquidto a ship



where m and mh are the mass of liquid and hydrometer, respectively. Thus, Archimedes' principle for a floating body states that when a body floats, it displaces a weight of fluid equal to its own weight. The displacement by the hydrometer is therefore



A liquid hydrocarbon mixture of density 950 kgm-3 is transferred by pipeline to a ship at a loading terminal. Prior to transfer, the ship has an unloaded displacement of 5000 tonnes and draft of 3 m. Transfer of the hydrocarbon is at a steady rate of 125 m3h-l. If the sea bed is at a depth of 5.5 m, determine the quantity delivered and time taken if the ship requires at least I m of clearance between the sea bed and hull to manoeuvre away safely from the loading terminal.



mhg =pg(L-x)a =pog(L-xo)a



where a is the cross-sectional area of the stem, p and p are the densities of water and oil, and x and x 0 are the lengths of stem unimmersed in the respective ()



liquids. Therefore pg(L -x)a



=Pog(L



-xo)a



Rearranging, the length of hydrometer is therefore L = px -Poxo Po -p



--



~ TI



T2



5.5 ill



0 -1



1000 x 0.06 - 800 x 0.04 800 - 1000



!



1



"--" "-I" " " " " " " " " " " " " "" """"" "



= 0.14 m



Sea



bed



For the hydrometer immersed in a liquid of SG 0.9 (900 kgm-3), let the length of stem remaining unimmersed be xL' Therefore Solution



1000 x g x (0.14-0.06) x a =900 x g x (0.14- xL) x a



Applying Archimedes' principle, the ship prior to transfer displaces its own weight of sea water. That is



Solving, xL is found to be 0.051 I m. That is, the length of stem above the liquid of SG 0.9 is 5.11 cm.



msg



= mg = pAT]g



where ms and m are the mass of ship and sea water displaced, p is the density of sea water, A is the water plane area and Tj is the depth of the ship below the waterline. After transfer msg + mhcg =pAT2g where mhc is the mass of hydrocarbon mixture. After transfer, the ship is clear from the sea bed by 1 m. Combining these two equations, the mass of hydrocarbon transferred is
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Furtherproblems mhc =mSl~



-1)



(1)



(2) A hydraulic press has a ram of 10 cm diameter and a plunger of 1 cm diameter. Determine the force required on the plunger to raise a mass of 500 kg on the ram.



= 5 x 106 X(4: - 1) = 2.5 X106 kg



Answer: 49.05 N



The transfer time is therefore t



=



Explain what is meant by gauge pressure and absolute pressure.



(3) The reading of a barometer is 75.5 cm of mercury. If the specific gravity of mercury is 13.6, convert this pressure to Newtons per square metre.



mhc



PhcQ



Answer: 100,792 Nm-2



2.5 X 106 950 x 125



(4) A rectangular tank 5 m long by 2 m wide contains water to a depth of 2 m. Determine the intensity of pressure on the base of the tank and the total pressure on the end.



= 21.05 h That is, a transfer of 2500 tonnes of hydrocarbon mixture is completed in 21.05 hours.



Answer: 19.6 kNm-2, 39 kNm-2



It should be noted that the approach illustrated is rather simplistic. No account is made for the dimensions of the ship in terms of its length and beam nor the variation of the water plane area with depth. The beam is an important dimension in terms of stability where the stability is dependent on the relative position of the ship's centre of gravity and centroid of the displaced volume called the centre of buoyancy. A ship is unstable and will capsize when, for a heel of up to 10°, a line drawn vertically up from the centre of buoyancy is below the centre of gravity - a point known as the metacentre.



(5) Determine the total pressure on a vertical square sluice, of 1 m square, positioned with its top edge 3 m below the level of water. Answer: 34.3 kNm-2 (6) A tube is filled with water to a depth of 600 mm and then 450 mm of oil of SO 0.75 is added and allowed to come to rest. Determine the gauge pressure at the common liquid surface and at the base of the tube.



The safe transfer of liquids to and from tanks within ships requires a careful sequence of operation. Tidal effects on moored ships and the effects of the liquid free surface in the tanks must also be taken into consideration. It was the



Answer: 3.3 kNm-2, 9.2 kNm-2 (7) Show that when a body is partially or totally immersed in a liquid, there is an upthrust on the body equal to the weight of the liquid displaced.



British politician Samuel Plimsoll (1824-1898) who was responsible for getting legislation passed to prohibit 'coffinships' - unseaworthy and overloaded ships - being sent to sea. The Merchant Sea Act of 1874 included,



(8) Show that a floating body displaces a weight of the liquid equal to its own weight.



amongst other things, enforcement of the painting of lines, originally called Plimsoll marks and now known as load line marks, to indicate the maximum load line which allows for the different densities of the world's seas in summer and winter.



(9) A V-tube has a left-hand leg with a diameter of 5 cm and a right-hand leg with a diameter of 1 cm and inclined at an angle of 240. If the manometer fluid is oil with a density of 920 kgm-3 and a pressure of 400 Nm-2 is applied to the left-hand leg, determine the length by which the oil will have moved along the right-hand leg. Answer: 9.9 cm
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(16) Two pressure tapping points, separated by a vertical distance of 12.7 m, are used to measure the crystal content of a solution of sodium sulphate in an evaporator. Determine the density of the solution containing 25% crystals by volume and the differential pressure if the density of the anhydrous sodium sulphate is 2698 kgm-3 and the density of saturated sodium sulphate solution is 1270 kgm-3.



(10) Determine the absolute pressure in an open tank containing crude oil of density 900 kgm-3 at a depth of 5 m. Answer: 145.4 kNm-2 (11) An open storage tank 3 m high contains acetic acid, of density 1060 kgm-3, and is filled to half capacity. Determine the absolute pressure at the bottom of the tank if the vapour space above the acid is maintained at atmospheric pressure.



Answer: 1627 kgm-3, 203 kNm-2 (17) A vacuum gauge consists of a V-tube containing mercury open to atmosphere. Determine the absolute pressure in the apparatus to which it is attached when the difference in levels of mercury is 60 cm.



Answer: 117 kNm-2 (12) A differential manometer containing mercury of SO 13.6 and water indicates a head difference of 30 cm. Determine the pressure difference across the legs.



Answer: 21.3 kNm-2 (18) Determine the height through which water is elevated by capillarity in a glass tube of internal diameter 3 mm if the hydrostatic pressure is equal to 4cr/d where cr is the surface tension (0.073 Nm-l) and d is the diameter of the tube.



Answer: 37.1 kNm-2



Answer: 9.9 mm



(13) A V-tube contains water and oil. The oil, of density 800 kgm-3, rests on the surface of the water in the right -hand leg to a depth of 5 cm. If the level of water in the left-hand leg is 10 cm above the level of water in the right-hand leg, determine the pressure difference between the two legs. The density of water is 1000 kgm-3.



(19) Explain the effect of surface tension on the readings of gauges of small bore such as piezometer tubes. (20) A ship has a displacement of 3000 tonnes in sea water. Determine the volume of the ship below the water line if the density of sea water is 1021 kgm-3.



Answer: 589 Nm-2 (14) A separator receives continuously an immiscible mixture of solvent and aqueous liquids which is allowed to settle into separate layers. The separator operates with a constant depth of 2.15 m by way of an overflow and underflow arrangement from both layers. The position of the liquid-liquid interface is monitored using a dip leg through which air is gently bubbled. Determine the position of the interface below the surface for a gauge pressure in the dip leg of 20 kNm-2. The densities of the solvent and aqueous phases are 865 kgm-3 and 1050 kgm-3, respectively, and the dip leg protrudes to within 5 cm of the bottom of the separator.



Answer: 2938 m3 (21) A closed cylindrical steel drum of side length 2 m, outer diameter 1.5 m and wall thickness 8 mm is immersed in a jacket containing water at 20°C (density 998 kgm-3). Determine the net downward and upward forces when the drum is both full of water at 20°C and empty. The density of steel is 7980 kgm-3. Answer: 5.17 kN, -29.4 kN



Answer: 90 cm



(22) An oil/water separator contains water of density 998 kgm-3 to a depth of 75 cm above which is oil of density 875 kgm-3 to a depth of 75 cm. Determine the total force on the vertical side of the separator if it has a square section 1.5 m broad. If the separator is pressurized by air above the oil, explain how this will affect the answer.



(15) A hydrometer with a mass of 27 g has a bulb of diameter 2 cm and length 8 cm, and a stem of diameter 0.5 cm and length 15 cm. Determine the specific gravity of a liquid if the hydrometer floats with 5 cm of the stem immersed. Answer: 1.034



Answer: 16 kN
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Continuity, momentum andenergy



Introduction With regard to fluids in motion, it is convenient to consider initially an idealized form of fluid flow. In assuming the fluid has no viscosity, it is also deemed to have no frictional resistance either within the fluid or between the fluid and pipe walls. Inviscid fluids in motion therefore do not support shear stresses although normal pressure forces still apply. There are three basic conservation concepts evoked in solving problems involving fluids in motion. The conservation of mass was first considered by Leonardo da"vinci (1452-1519) in 1502 with respect to the flow within a river. Applied to the flow through a pipe the basic premise is that mass is conserved. Assuming no loss from or accumulation within the pipe, the flow into the pipe is equal to the flow out and can be proved mathematically by applying a mass balance over the pipe section. The flow of incompressible fluids at a steady rate is therefore the simplest form of the continuity equation and may be readily applied to liquids. The conservati?n of momentum is Newton's second law applied to fluids in motion, and was first considered by the Swiss mathematician Leonhard Euler (1707-1783) in 1750. Again, by considering inviscid fluid flow under steady flow conditions, calculations are greatly simplified. This approach is often adequate for most engineering purposes. The conservation of energy was first considered by the Swiss scientist Daniel Bernoulli (1700-1782) in 1738 to describe the conservation of mechanical energy of a moving fluid in a system. The basic premise is that the total energy of the fluid flowing in a pipe must be conserved. An energy balance on the moving fluid across the pipe takes into account the reversible pressurevolume, kinetic and potential energy forms, and is greatly simplified by considering steady, inviscid and incompressible fluid flow.
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2.1 Flowin branchedpipes



MOMENTUM



AND



ENERGY



4QI rc - d~V2



Water flows through a pipe section with an inside diameter of 150 mm at a rate of 0.02 m3s-l. The pipe branches into two smaller diameter pipes, one with an inside diameter of 50 mm and the other with an inside diameter of 100 mm. If the average velocity in the 50 mm pipe is 3 ms-l, determine the velocities and flows in all three pipe sections.



v3



=



;;z3 4 x 0.Q2- 0.052 X 3



rc



0.12 Pipe 2



= 1.8 ms-]



d2=50 mm



Pipe I dl=150mm/



This corresponds to a flow of



-Q3



Qt-



~



-



(~Pd



~



d,-



100



rcd2 3 4



Q3 - -v3



mm -Q2



2 = rcx 0.1



4



x 1.8



= O.oJ4m3s-1



Solution



Similarly, ~hevelocity and flow can be found for the other two pipes and are given below.



The continuity equation is effectively a mathematical statement describing the conservation of mass of a flowing fluid where the mass flow into a pipe section is equal to the mass flow out. That is



Diameter, mm Velocity, ms-l Flowrate, m3s-]



p]a]v] =P2a2v2 For an incompressible fluid in which the density does not change, the volumetric flow is therefore



Pipe I ISO 1.13 0.020



Pipe 2 50 3.00 0.006



Pipe 3 100 1.80 0.014



a]vI =a2v2 For the branched pipe system in which there is no loss or accumulation of the incompressibleprocess fluid (water), the flow through the ISOmm diameter pipe (Pipe I) is equal to the sum of flows in the 50 mm (Pipe 2) and 100mm diameter pipes (Pipe 3). That is Q] =Q2 +Q3 rcd2 2 --v2 4



rcd2 3 +-v3 4



Rearranging, the velocity in the 100 mm diameter pipe is therefore
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2.2 Forceson aU-bend
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For the uniform cross-section, the average velocity remains constant. That is



A horizontal pipe has a 180° V-bend with a uniform inside diameter of200 mm and carries a liquid petroleum fraction of density 900 kgm-3 at a rate of 150 m3h-l. Determine theforce exerted by the liquid on the bend if the gauge pressure upstream and downstream of the bend are 100 kNm-2 and 80 kNm-2, respectively.



-2



MOMENTUM



VI =v2 =4Q 1td2



4 x 150 3600 1tx 022



= 1.33 ms-l y



The momentum fluxes are therefore



x



pQVl



= pQv2 = 900 x 150 x 1.33 3600



= 49.9 N



Solution The thrust exerted by the flowing liquid on the horizontal bend is resolved in



For the liquid entering the 180° bend the angle 81 is 0° and for the liquid leaving



both the x- and y-directions. Assuming that the gauge pressures of the liquid are distributed uniformly in the V-bend, then resolving the force in the x-direction gIves Fx



=Pial



cos 81



-



82 is 180°. The resolved force in the x-direction is therefore Fx



= 5554 N



P2a2 cos 82 + pQ(v2 cos 82 -vI cos 81)



and in the y-direction Fy =Plalsin81



+p2a2 sin 82 -pQ(v2sin82



Since sin 0 ° and sin 180 ° are equal to zero, the force in the y-direction is +vlsin81)



Fy =0 Although not taken into consideration here, the reaction in the vertical direction



The respective upstream and downstream pressure forces are PIal



= 1x



= 3141 x cosoo-2513 x cos1800+ 49.9 x (cosI800-cosOO)



Fz can also be included where the downward forces are due to the weight of the bend and the fluid contained within it.



105 x- 1tX 022 4



= 3141 N and P2a2 = 8 x 104 x- 1tX 022 4



= 2513 N
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2.3 Pressurerisebyvalveclosure



t



greater than the average pressure on valve closure with the pressure wave being transmitted up and down the pipeline until its energy is eventually dissipated. It is therefore important to design piping systems within acceptable design limits. Accumulators (air chambers or surge tanks) or pressure relief valves located near the valves can prevent potential problems. The peak pressure resulting from valve closures faster than the pipe period can be calculated (in head form) from



t



where v / t is the deceleration of the liquid and the mass of water in the pipeline IS



= paL



Thus v



H



= paL-t



This basic equation, developed by the Russian scientist N. Joukowsky in 1898, implies that a change in flow directly causes a change in pressure, and vice versa. The velocity of sound transmission, c, is however variable and is dependent upon the physical properties of the pipe and the liquid being conveyed. The presence of entrained gas bubbles markedly decreases the effective velocity of sound in the liquid. In this case, the peak head is



1tx 0.05 x 500 x 1.7



4



1



= 1669 N corresponding to a pressure on the valve of



p=-



= vc g



2



= 1000 x



=~



where c is the velocity of sound transmission through the water. With no resistance at the entrance to the pipeline, the excess pressure is relieved. The pressure wave then travels back along the pipeline reaching the closed valve at a time 2L/ c later. (The period of 2L / c is known as the pipe period.) In practice, closures below values of 2L / c are classed as instantaneous. In this problem, the critical time corresponds to 0.67 seconds for a transmission velocity of 1480 ms-l and is below the 1.0 second given. The peak pressure can be significantly



When a liquid flowing along a pipeline is suddenly brought to rest by the closure of a valve or any other obstruction, there will be a large rise in pressure due to the loss of momentum causing a pressure wave to be transmitted along the pipe. The corresponding force on the valve is therefore



F



F a 4F



H = 1.7x 1480 g



1td2



= 256.5 m



4 x 1669



which corresponds to a peak pressure of 2516 kNm-2. However, the Joukowsky equation neglects to consider the possible rise due to the reduction in frictional pressure losses that occur as the fluid is brought to rest. It also does



1t X 0.052



= 850.015



ENERGY



c



Solution



m



AND



along the pipeline. The maximum (or critical) time in which the water can be brought to rest producing a maximum or peak pressure is



A valve at the end of a water pipeline of 50 mm inside diameter and length 500 m is closed in 1 second giving rise to a un~form reduction inflow. Determine the average pressure rise at the valve if the average velocity of the water in the pipeline before valve closure had been 1.7 ms-l.



F=m~



MOMENTUM



X 103 kNm-2



not consider the pressure in the liquid that may exist prior to valve closure - all of which may well be in excess of that which can be physically withstood by the pIpe.



The average pressure on the valve on closure is found to be 850 kNm-2. Serious and damaging effects due to sudden valve closure can occur, however, when the flow is retarded at such a rate that a pressure wave is transmitted back 40
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2.4 TheBernoulliequation



MOMENTUM



AND ENERGY



= J2g(ZI - Z2)



v2



An open tank of water has a pipeline of uniform diameter leading from it as shown below. Neglecting all frictional effects, determine the velocity of water in the pipe and the pressure at points A, Band C.



= .j2g xO.2 = 1.98 ms-I



The average velocity is the same at all points along the pipeline. That is c



105m Free surface I



I]



B



v2 =v A =vB =vC The pressure at A is therefore



'_'_'_0_'_'_'



2.0m



2-T pA



+



0



1



- ZA -



:; J



1.982



= 1O00g x [ 2 -



2g



)



= 17,658 Nm-2 Solution The Bernoulli equation (named after Daniel Bernoulli) is 2 2 PI vI P2 v2 -+-+ZI =-+-+Z2 pg 2g pg 2g



The pressure at B is



PB ~p+



The first, second and third terms of the equation are known as the pressure head, velocity head and static head terms respectively, each of which has the fundamental dimensions of length. This is an important equation for the analysis of fluid flow in which thermodynamic occurrences are not important. It is derived for an incompressible fluid without viscosity. These assumptions give results of acceptable accuracy for liquids of low viscosity and for gases flowing at subsonic speeds when changes in pressure are small. To determine the velocity in the pipe, the Bernoulli equation is applied between the free surface (point 1) and the end of the pipe (point 2) which are both exposed to atmospheric pressure. That is PI



=



~n



-zB -



+



_1~:2J



1O00g



= -1962



Nm-2



Finally, the pressure at C is



Pc



=



+



1



- 'c -



~~



]



1982



=P2 =Palm



= 1O00gx ( -1.5 -



The tank is presumed to be of sufficient capacity that the velocity of the water at the free surface is negligible. That is



= -16,677



~



J



Nm-2



VI ",0



The average velocity in the pipeline is 1.98 ms-I and the pressures at points A, Band Care 17.658 kNm-2, -1.962 kNm-2 and -16.677 kNm-2, respectively.



Therefore



Ii.-.
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Water flows through apipe with an inside diameterofS em at a rate of 10 m3h-l and expands into a pipe of inside diameter 10 em. Determine the pressure drop across the pipe enlargement.



-



Flow



,, ,, , a2:, , V2 ~,- :, '



VI



I~:



,



AND



ENERGY



and in the larger pipe is



2.5 Pressuredropdueto enlargements



,, ,, ,, :, a ' PI ~,- 1:, ,



MOMENTUM



'2



=(



:J,



=



°.05



(



2



0.1



x 1.41



)



= 0.352



ms-I



The pressure drop is therefore



P2



1000x



10 -



3600



P2-PI=



,,



x (1.41-0.352)



2 1tX 0.1 4



= 374 Nm-2 Applying the Bernoulli equation over the section, the head loss is



Solution If a pipe suddenly enlarges, eddies form at the corners and there is a permanent and irreversible energy loss. A momentum balance across the enlargement



HL



=



2' 2 VI -V2



2g



gIves PIa2 + pQv I



= P2a2



=pQ(VI



2 _VI-V2-



-V2)



-V2)



a2pg 2 2V2(vI



2g



-V2)



2g



which reduces to



where the average velocity in the smaller pipe is



=



pg



2g



a2



VI



PI -P2



2 2 - vI -V2 - pQ(vI



+ pQV2



Rearranging, the pressure drop is therefore P2 -PI



+



4Q 1td2



HL



=(VI



-V2)2 2g



2



4x~



=



3600



~ 1_2 2g (



1t X 0.052



= 1.41 ms-I



2



vI J



From continuity for an incompressible fluid aIvI =a2v2



45



44 ~



FLUID



MECHANICS



CONTINUITY,



Then



AND



ENERGY



2.6 Pipeentranceheadloss 2



2 VI



HL



MOMENTUM



Derive an expression for the entrance loss in head form for a fluid flowing through a pipe abruptly entering a pipe of smaller diameter.



al



= 2g [ 1 -



a2



]



or in terms of diameter for the circular pipe 2 2



V2



HL



!~;, I



: Flow



= 2~ [ 1 - [ ~~] ]



~



Therefore



HL



= 1.412



1-



X



2g



0.05



[



[



0.1



2 2



a2 »al



HL



: I



I



I



I



:~~:



I



I



The permanent and irreversible loss of head due to a sudden contraction is not due to the sudden contraction itself, but due to the sudden enlargement following the '



Beyond the Reynolds number predicted by this equation, the friction factor becomes essentially independent of the Reynolds number. The Rouse limit line can be included on the Moody plot (see page 293). 3.0 Is.l



2.6Is.l



A



C



0.9Is.1 D



Solution The pressure



drop around the main is



f..pAB + f..p BC = f..pAD + f..pDC where A



tip AD



= 2fpv2 d



L 2



= 2fPL 4(3 x 10-3 _Q) d 'ITd2 ( ] 2 x 0.005 x 1000 x 10 x 16 x 10-6 x (3 _Q)2 'ITx 0.0255



= 16,600(3



_Q)2
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8.13 Tankdrainagethrougha pipewithturbulentflow



Likewise t1p AB



Water flowsfrom an open cylindrical tank of cross-sectional area 4 m2 through a 20 m length of horizontal pipe of 25 mm inside diameter. Determine the time to lower the water level in the tankfrom 2 m to 0.5 m above the open end of the pipe. Assume a friction factor of O.005 and allow for entry and exit losses.



= 16,600Q2



t1pBC = 16,600(Q + 05)2 t1pDC = 16,600(2.1_Q)2



A,



whereQ is expressed in 1itresper second. Therefore Q2 + (Q + 05)2



=(3



_Q)2 + (2.1-Q)2



ldH



--- - ---- - - -



which reduces to



l12Q -13.16 =0 Id



Solving, the flowrateQ is 1.175litres per second. The rate of flow from B to Cis therefore 1.675litres per second. The corresponding pressure drops through the pipes are therefore



H'IH11



-------------



,



,



f



L



,



Flow



t1PAD =555kNm-2 t1PAB =22.8 kNm-2



Solution Atmospheric pressure is exerted both at the free surface in the tank and at the jet issuing from the open pipe. Applying the Bernoulli equation where it is reasonable to assume that the velocity of the water in the tank is far less than the velocity in the pipe, the static head is therefore



t1PBC =46.4 kNm-2 t1PDC =14.3kNm-2 with the lowest pressure drop in the pipe connecting C and D. Note that where the friction factors, lengths and diameters are not equal, a quadratic equation in terms of flowrate arises.



v2 H=-+HL 2g



.



where the head loss for pipe friction, exit and entrance loss is given by HL



v2 = 4fL - d 2g



=~ 2g



+



v2 v2 + 05 2g 2g



1.0-



4fL + 15



( d



)



Therefore V2



v2



4fL



H = 2g + 2g ( d



+ 15 )
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8.14 Turbulentflow in non-circularducts



Rearranging



Hot water, at a temperature of 80De with a corresponding density of972 kgm-3 and viscosity 3.5x10-4 Nsm-2, flows at a rate of 50 m3h-l through an item of process plant which consists of a horizontal annulus consisting of two concentric tubes. The outer tube has an inner diameter of 150 mm and the inner tube has an outer diameter of 100 mm. Determine the pressure loss due to friction per unit length if the surface roughness of the tubing is 0.04 mm. Use the Moody plot to obtain the friction factor.



2gH v



=



14jL + 25 d



Applying an unsteady state mass balance over the tank, the change in capacity of the tank is equal to the rate of flow through the pipe. That is dH dt



av =-A-



I~



Substituting for pipe velocity and rearranging, the total time to lower the level from HI to H 2 is FI~



~4jL + 25 Hz t



f0 dt =



d



-A



aJ2i



f



-1 H zdH



HI



-I



::~I::==:=-:£::=::]~ :::



-



-



-



-



-



-._-



di



Ido



Integrating ~4jL+25



t



=



2A



d



aJ2i



1



(Hf-H2)



t



4 x 0.005 x 20 + 25



= 2x4x./



0.025 2



1tx 0.025 x 4



Fl~::B::~::::::::::~::::::::::]~ ::: 1



1



X(22_05Z)



Solution



J2i



For the flow thr.ougha non-circular pipe or duct, consider a horizontal duct of any shape with uniform cross-section. A force balance on the fluid in the cross-section gives



= 7912 s The time taken is found to be 2 hours and 12 minutes.



(PI - P2)a



= !!.Pfa = T.wPL



wherePis the wetted perimeter of the wall, L is the length of element andais the uniform cross-sectional area. Relating the wall shear stress to friction factor in the form T.w =Lpv2 2
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The relative roughness based on the equivalent hydraulic diameter is therefore



Then



I::



0.04



d



50



---



/';.Pt =!pV22aLP



= 8 X 10-4 Comparing this to the equation for pressure drop due to friction in a circular pipe



The average velocity through the annulus is



V=~



/';.pt=2!PV2L d



50 3600 9.82 x 10-3



it is noted that 4a/ P has replaced d. Therefore defining the term d eq , known as the equivalent hydraulic diameter, as 4a deq =



a



p



= 1.41ms-l



the frictional pressure drop equation for non-circular pipes can be expressed in the form



The Reynolds number is Re=- pvd eq 1.1



2+. 2 /';.Pt=~ deq



972 x 1.41x 0.05



The flow area for the tube annulus is



35 x 10-4



11: 2 2 a=-(do -di) 4



= 195,788 From the Moody plot (page 293), the Fanning friction factor is 0.0052. The pressure loss per unit length due to friction is therefore



= 7r,X (0.152 -0.12) 4 = 9.82 X 10-3 m2



/';.Pt L



= 2!pv2, deq



and the wetted perimeter is P



= n(do =



2 x 0.0052 x 972 x 1.412 0.05



+ di)



11:x (0.15 + 0.1)



= 402



= 0.785 m



That is, the pressure drop due to friction is found to be 400 Nm-2 per metre length of tube.



The equivalent hydraulic diameter is therefore d



eq



=4 x



Nm-2m-l



9.82 X 10-3 0.785



= 0.05 m
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8.15 Headloss througha taperedsection



H



32fQ2



=~



0 fdHf



TURB



ULENT



FLOW



dL



3



f0(0.3



-O.o666L)5



The integration is simplified using the substitution u



L(3m)



AND



That is



Water flows through a conical section of pipe which narrows from an internal diameter of 30 cm to an internal diameter of iO cm. The total length of the section is 3 m. Determine the frictional head loss for aflow of 0.07 m5s-1 if the Fanningfrictionfactor is O.OOS.ignore entrance and exit losses and effects due to inertia.



I-



FRICTION



= 0.3



- O.o666L



for which the differential is



..I



du



Not to scale



= -O.o666dL



The integration required is therefore FlO":'-f°



Oill



- -



-



- - - - - - - - -t'~'m



H



f dH 0



-32fQ2 f



-



- 0.06667(2



du



f 5 g u



Thus, integrating with respect to u gives Hf Solution



=



-32fQ2



0.06667(2 g



u-4



4



That is



The head loss due to friction is given by 2 H - 4fL~ f - d 2g



3 Hf



or in terms of flowrate



(~



=



-32fQ2 0.06667(2 g [



(0.3 -O.o666L)-4 -4



]0



= 32 x 0.005 x 0.072 x (0.3 - 0.0666 x 3)-4 - 0.3-4 0.0666 x 7(2x g 4 [ ]



12



=0.3 m



Hf =4fL~ d 2g



The frictional head loss through the section is found to be 0.3 m.



= 32fLQ2 7(2gd5 From geometry, the diameter of the section is related to length by d



=0.3 -



0.0666L



where diameter d and length L are measured in metres. The total frictional loss is therefore obtained by integration over the length of the section.
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8.16 Acceleration ofa liquidin a pipe Two large storage tanks containing a process liquid of density 1100 kgm-3 are connected by a 100 mm inside diameter pipe 50 m in length. The tanks operate with a constant difference in level of 4 m and flow is controlled by a valve located near the receiving tank. When fully open, the valve has a head loss of 13 velocity heads. If the valve is suddenly opened, determine the time takenfor the process liquid to reach 99% of the final steady value. Assume africtionfactor of 0.006 and neglect entrance and exit losses.



vI =1.77 ms-I



For the accelerating liquid, the inertia head is also included where it is assumed that the liquid is inelastic. Thus H



2



2



d 2g



2g



= 4jL ~ + 13~ + ~ dv



g dt



Rearranging 2gH



=v 2 +



4jL + 13 d L



fd



2L



dv



4fL + 13 dt d



2 x 50 dv v 2 =v 2 + I 4 x 0.006 x 50 + 13 dt 0.1



Valve



=V2 +4dv dt



Solution



Rearranging



The process liquid is assumed to be inelastic so that there is no pressure wave. The average steady velocity of the liquid under full flow may be determined from the case where, for the freely discharging liquid, the static head is balanced by the frictional resistance to flow due to the pipe wall and the valve as 2 2 H=4jL~+13~ d 2g 2g



4dv dt=~2 vI -v



= :1 [v I 1+v + v I 1-v Jv Integrating between the limits of no velocity (stationary liquid) and 99% of the final steady value for velocity, the time taken is



Rearranging



2_-



O.99V1



2gH



2 vI + v t = - log e vI [ [ vI -v )~0



vl-4jL+13 d 2xgx4



2



= -1.77x



4 x 0.006 x 50 + 13 0.1



og e



[I



1.77 + 0.99 x 1.77



[ 1.77-0.99 x 1.77]J



= 5.98 s



= 3.14 m2s-2



The time taken is found to be approximately 6 seconds for the liquid to have reached 99% of its final velocity.
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(7) A distillation column tower operating at a gauge pressure of 700 kNm-2 receives a hydrocarbon feed of density 780 kgm-3 and viscosity 0.6xlO-4 Nsm-2 at a rate of 486 m3h-l from a neighbouring column operating at a gauge pressure of 1.2 MNm-2. The connecting pipework consists of 40 m of 25 cm inside diameter pipe with an absolute roughness of 0.046 mm and has a total of seven elbows and a single control valve. If the level of hydrocarbon mixture in



(1) Determine the pressure drop due to friction along a 1 km pipeline of inside diameter 254 mm used for drawing sea water at a rate of 500 m3h-l into a chemical plant for use as a process cooling medium. The friction factor is 0.005 and density of sea water 1021 kgm-3. Answer: 302 kNm-2



the base of the feed column is steady at 4 m above the ground and the feed point of the receiving column is at an elevation of 15 m above the ground, determine the pressure drop across the control valve. Allow for entrance and exit losses



(2) Determine the pressure drop due to friction along a pipe of inside diameter 100 mm, 500 m in length, carrying a process liquid of density 900 kgm-3 at a rate of 46.8 m3h-l. The Fanning friction factor is assumed to be 0.005.



and a loss for each bend equivalent to 0.7 velocity heads. Answer: 387 kNm-2



Answer: 123.3 kNm-2 (3) Using the Darcy equation, determine the pressure drop along a 10 m length of pipe of inside diameter 25.4 mm carrying a process liquid of density 1010 kgm-3 and viscosity 0.008 Nsm-2 at a rate of 0.015 m3min-l.



(8) Show that the head loss due to friction, H f' for the flow of fluid in a circular pipe is given by Hf



Answer: 1.91 kNm-2 (4) Determine the pressure drop due to friction along a 1 km length of pipe of inside diameter 200 mm carrying a process liquid at a rate of 125 m3h-l. The process liquid has a density of 950 kgm-3 and viscosity of 9xlO-4 Nsm-2 and the pipe wall has an absolute roughness of 0.04 mm.



=4fL~ d 2g



where f i~ the friction factor, L is the length of pipe, v is the average velocity, d is the diameter of the pipe and g the gravitational acceleration. (9) A smooth pipe of internal diameter 150 mm is used for transporting oil of density 854 kgm-3 and viscosity 3.28xlO-3 Nsm-2. The pipe has a length of 1.2 km and an elevation of 15.4 m. If the absolute pressures at the lower and upper ends are 850 kNm-2 and 335 kNm-2, respectively, determine the rate of flow assuming the Blasius equation applied for smooth pipes.



Answer: 48.8 kNm-2 (5) Determine the head loss due to friction in terms of the number of velocity heads for a flowing fluid in a pipeline of length 2.5 km and inside diameter 100 mm with a Fanning friction factor of 0.006.



Answer: 0.0445 m3s-1



Answer: 600 v 2/2g (10) Explain what is meant by the term equivalent head in the evaluation of energy losses across pipe fittings.



(6) An experimental test rig was used to determine the parameters a and b relating the friction factor to Reynolds number in the form f



= aRe



b



(11) Water at a rate of 1 m3s-1 and with viscosity lxlO-3 Nsm-2 is to be transferred from an open reservoir to another one 60 m below it through a smooth pipe 2400 m long. Determine the internal diameter of the pipe using the Blasius equation for smooth pipes.



The rig consists of 10 m of smooth-walled pipe with an inside diameter of 16 mm and uses water as the liquid medium. Results from two trials gave frictional pressure drops of 13.9 kNm-2 and 20.0 kNm-2 for flows of 0.94 m3h-l and 1.16 m3h-l , respectively. Determine the values for a and b. Answer: a



Answer: 0.48 m



= 0.079, b =-0.25



(12)



A pipeline, 500 m long and with an internal diameter of 150 mm,



connects two large storage tanks. If the difference of liquid level in the two
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tanks is 30 m, determine the free flow through the pipe. Ignore entrance and exit losses but assume a friction factor of 0.01.
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mm, and each has a length of 50 m. Determine the rate of flow in pipe BC if the friction factor is the same and constant for each pipe.



Answer: 0.021 m3s-1



Answer: 0.007 m3s-1



(13) Draw a diagram, with a brief description, to illustrate how the friction factor varies with Reynolds number.



(20) If, in the previous problem, the friction factor is given by the Blasius formula



for smooth-walled



pipes(j



= O.o79Re



-1/4), comment



on the effect this



would have and determine the flow in pipe Be. (14)



Describe the principle of the siphon and include a sketch.



(15)



Explain the limiting factors of a siphon used to transfer a liquid.



Answer: 0.0061 m3s-1 (21)



A fermented broth of density 990 kgm- 3 is decanted from a fermentation



vessel to a receiving vessel by siphon. The siphon tube is 10 m long with a bore of 25.4 mm. Determine the rate of transfer if the difference in head between the



(16) A four-side ring mainABDCis supplied with water atA for distribution in a process plant at points B, C and D at rates of 0.25 m3s-1 , 0.1 m3s-l and 0.05 m3s-l. Determine the flowrate in pipe AB if the pipe details are: Pipe Length, m Diameter, m AB 1000 0.5 BC 1500 0.3 CD 500 0.3 DA 1000 0.4



two vessels is 2 m. Determine the pressure at the highest point of the siphon tube which is 1.5 m above the broth level and the tube length to that point is 4 m. Assume a friction factor of 0.004 and standard atmospheric pressure. Answer: 1.136xI0-3 m3s-l, 74.3 kNm-2 (22) A 0".155 m internal diameter pipeline is fed with water from a constant head tank system. The water is discharged from the pipeline 12.5 m below the level of the water in the head tank. The pipeline contains four 90° elbows, a fully open globe valve, a half open gate valve and a three quarters open gate valve. The respective equivalent length for elbow, open, half open and three



The Fanning friction factor is assumed to be 0.005 in each of the pipes. Answer: 0.274 m3s-1



quarters open valves are 40, 300, 200 and 40 pipe diameters, respectively. Determine the rate of flow if the Fanning friction factor is 0.025.



(17) Determine the pressure drop along a 40 m length of pipe in terms of velocity head and equivalent length approaches for the flow of water at a rate of 20 m3h-l, if the pipe contains a gate valve (open) and three 90° elbows. The internal diameter of the pipe is 100 mm, the velocity head values for the valve and elbows are 0.15 and 0.7 velocity heads and the equivalent length of pipe are 7 and 35 pipe diameters, respectively. The Fanning friction factor is 0.006.



Answer: 3.018xl0-2



m3s-1



(23) A cylindrical tank with a diameter of 1.5 m mounted on its axiscontains a liquid at a depth of 2 m. The liquid is discharged from the bottom of the tank through a 10m length of pipe of internal diameter 50 mm at an elevation 1 m below the bottom of the tank. Flow is regulated by a valve. Determine the time



Answer: 2.96 kNm-2 and 3.07 kNm-2



to discharge half the liquid if the valve is open such that the energy loss through the valve is equivalent to 40 pipe diameters. The Fanning friction factor is assumed to be 0.008.



(18) Explain why calculations of the pressure drop due to friction for flow of a liquid through a pipe using the velocity head and equivalent length of pipe approaches do not necessarily provide the same result.



Answer: 412 s (19) Water is supplied to a three-side ring main ABC with a flow of 0.1 m3s-1 at A and is drawn from Band C at rates of 0.06 m3s-1 and 0.04 m3s-l , respectively. The internal diameters of the pipes are: AB 50 mm, AC 38 mm and BC 38
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Pumps



Introduction Pumps are machines for transporting fluids from one place to another, usually along pipelines. They are classified as centrifugal, axial, reciprocating and rotary and may be further grouped as either dynamic or positive displacement pumps. Dynamic pumps, which include centrifugal and axial pumps, operate by developing a high liquid velocity (kinetic energy) and converting it into pressure. To produce high rates of discharge, dynamic pumps operate at high speeds, although their optimal efficiency tends to be limited to a narrow range of flows. Positive displacement pumps operate by drawing liquid into a chamber or cylinder by the action of a piston; the liquid is then discharged in the required direction by the use of check valves. This results in a pulsed flow. Positive displacement pumps, however, are capable of delivering significantly higher heads than dynamic pumps. Rotary pumps are another form of positive displacement pump capable of delivering high heads; in this case fluids are transported between the teeth of rotating and closely meshing gears or rotors and the pump casing or stator. Unlike reciprocating pumps the flow is continuous, although r~tary pumps tend to operate at lower speeds than dynamic pumps and their physical size is likely to be larger. In the decision-making process for the specification and selection of a pump to provide safe, reliable and efficient operation for a particular application, the general procedure follows many well-defined steps. Flow regulation and head requirements are the two most obvious fundamental factors that must be



considered. Equally, however, the physical characteristics of the fluids



-



viscosity and lubrication properties, solids content and abrasiveness, as well as corrosion and erosion properties - significantly influence the choice of pump type. A complete analysis of the system to discover the requirement for the number of pumps and their individual flow is also necessary. This analysis must include basic calculations for differential static head to provide an estimate of the necessary pump head.
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Once an appropriate type of pump has been identified for a particular fluid, it is then necessary to establish the relationship between head and flowrate that can be delivered by the pump to match the system requirements in terms of static head and frictional losses. There are many additional calculatwns and checks that must be made before the analysis is complete. It is essential, for



9.1 Centrifugalpumps Describe the essential features and merits of centrifugal pumps and possible reasons for vibration during operation.



example, to ensure that pumps are correctly located to ensure avoidance of undesirable effects such as cavitation in centrifugal pumps and separation in



Discharge



t



reciprocating pumps. Clearly, not all pumping installations demand the same level of attention. Pumps required to deliver clean, cold water with modest delivery heads, for example, are less complex than those whose duties involve high temperature and pressure, high viscosity and abrasive liquids. In practice, there are numerous additional and important considerations that must be taken into account to ensure the safe, reliable and efficient installation



Volute



and operation of a pump. It is important to consider maintenance requirements, implications and likelihood of leaks, availability of spares, economic factors such as capital and operating costs, safety for personnel and environmental considerations including noise. For the engineer new to pump specification and selection, the decision-making process may appear complicated, confusing and even, at times, conflicting. Experience and familiarity with pump selection eventually results in confidence, thereby reducing the effort required in the successful procurement, installation and operation of a pump. Solution Centrifugal pumps are by far the most commonly used type of pump in the process industries, because they are versatile and relatively inexpensive. They are very suitable for handling suspended solids, able to continue operating when the delivery 'line is blocked, have low maintenance costs and are easily fabricated in a wide range of corrosion-resistant materials. However, they are unable to develop high heads unless multiple stages are used and they also require priming by ancillary equipment. They offer reasonable efficiency over only a limited range of conditions and are not particularly suitable for very viscous fluids. The design of a centrifugal pump consists of a series of blades attached at the centre of a shaft known as an impeller and rotated at high speed inside a casing. Fluid is fed in axially at the centre (eye) of the impeller and is thrown out in a roughly radial direction by the centrifugal action. The large increase in kinetic energy which results is converted into pressure energ~ at the pump outlet either by using a volute chamber or a diffuser; the latter is more efficient but more expensive. There are considerable variations in impeller design, but almost all have blades which are curved, usually backward to the direction of rotation.
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This arrangement gives the most stable flow characteristic. Centrifugal pumps do not operate by positive displacement and it is important to note that the head they develop depends not only on the size and rotational speed of the impeller but also on the volumetric flowrate. -



9.2 Centrifugalpumpmatching A centrifugal pump is used to transfer a liquid between two open storage tanks. A recycle loop mixes the contents of the feed tank and a restriction orifice in the recycle line is used to limit the liquid velocity to 2 ms-l. Determine the number of velocity heads across the restriction orifice when a valve in the transfer line to the receiving tank is closed. If the valve isfully open, show that the flowrate is



There are, in fact, many different types of centrifugal pump. Each is intended to perform a specific duty, such as handling various types of liquids including slurries, operating at high temperature or delivering high heads or flow rates. A variation of the single impeller pump shown is the two-stage centrifugal pump. This pump has two impellers mounted on the shaft such that the output from the first impeller is fed into the second impeller. By operating impellers in series, higher heads can be developed. Multi-stage centrifugal pumps have three or more impellers mounted in series on the same shaft and these pumps are therefore capable of producing considerably higher heads. In general, centrifugal pumps can be classified according to their construction and layout in terms of impeller suction, type of volute, nozzle location, shaft orientation, bearing support and coupling to the driver. Single suction pumps, for example, have a suction cavity on one side of the impeller only, whereas double suction pumps have suction cavities at either side of the impeller. Single suction pumps, however, are subject to higher axial thrust imbalance due to flow coming in on one side of the impeller only. Pumps with a horizontal shaft are popular due to ease of servicing and maintenance, although pumps with a shaft in the vertical plane tend to be used where space is perhaps limited. Shafts that are unsupported by a bearing are known as overhung and can be fed exactly at the eye of the impeller. Shafts with bearing support on both ends such that the impeller is located in between the bearings, however, provide less shaft deflection although the shaft actually blocks the impeller eye. It is not uncommon for centrifugal pumps to be troubled by vibration during operation. This may be due to the destructive phenomenon of cavitation in which vapour is released from solution leading to a loss of discharge and delivered head. The source of the vibration may, however, be due to operating the pump dry, against a blocked or closed delivery line. It may also be due to the shaft being out of alignment, an unbalanced impeller, bearing or seal wear, or the pump being incorrectly wired. Vibration may also be due to poor pipe support, the effects of solids, including foreign bodies, in the fluid, and air locks.



approximately 1.lx10-2 m3s-1 when the level of the liquid in the receiving tank is 12 m above the centre line of the pump and the level in the feed tank is 5 m above the centre line. The pump characteristic is H



= 12 -



70Q - 4300Q2



All pipelines have an inside diameter of 100 mm and the suction, recycle and transfer lines have equivalent lengths of 2 m, 10 m and 20 m, respectively. A Fanning friction factor of 0.005 may be assumed.



Not to scale



Transfer



Recyc1e



Restriction orifice 2{



Valve



Datum Suction



Solution To determine the head loss across the restriction orifice consider the case in which the valve is closed. The rate of flow through the recycle line is therefore Q=-v



nd2 4



r 2



nx~x2 4



= 0.0157 m3s-l 239
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where v r is the average velocity in the recycle line limited to 2 ms-l by the restriction orifice.



H



= 12 -70Q = 12 -



2 2 2 4jLs (Vr +Vt)+k~+1.0~ d 2g 2g



H=4jLr ~+ d



From the pump characteristic, the delivered head by the centrifugal pump is thus



2g



-4300Q2



70 x 0.0157 - 4300 x 0.01572



2



H =Zt -Zs



+-



2



+ Lr) ~



d



2g



2



+ k~



. )



2



4jLs(vr+Vt) 4jLtVt d



= 4f(Ls



2g



line and pipe exit loss as well as the difference in static head between the liquid levels in the two tanks. That is



At the duty point this is equal to the system characteristic. Applying the Bernoulli equation to the suction and recycle lines, the head loss is due to friction, loss through the restriction orifice and exit loss from the pipe. That is H



2



Likewise, applying the Bernoulli equation to both the suction and transfer line, the system head is equal to the frictional head loss in the suction line, transfer



=9.84 m



+--+ d



2g



2



2g



2 Vt 10 . 2g



Equating and rearranging, the velocity in the recycle line is therefore



2



+ 1.0~



2g



2g



where Ls and Lr are the suction and recycle equivalent lengths of pipes, respectively. Rearranging k



= 2gH 2 vr



2 x g x (12 - 5) + 4 x 0.005 x 20 - 4f(Ls



d



+ Lr) -1



-



22



.



01



+1



4 x 0.005 x 10 --cu---



[



= 2 x g x 9.84 - 4 x 0.005 x (2 + 10) -1 01



+ 44.9 + 1 X ]4'



j



= 1.75 ms-I



= 44.9
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This therefore corresponds to a head of That is, the head loss across the restriction orifice is equal to 44.9 velocity heads.



2 H



For the case of the valve, being fully open allowing transfer of liquid to the receiving tank, the velocity in the transfer line, Vt, is



4Qt Vt =rrd2



= 4jLr ~ d



2g



----+ 4jLs



vi



d



=



4 x 1.1x 10-2



2g



4xO.o05x2 0.1



rrxO.12



2 2 2 2 + 4jLs (Vr +Vt) + k~ +1.0~



d



2g



2g



4fLr + Ls + k +



(



d 1.42 2g



-V; l) 2g



4XO.o05X(10+2)



x-+



(



2g



0.1



+4. 49 +



x-



1)



1.752 2g



= 7.49 m



= 1.4 ms-l where Qt is the rate of transfer. Applying the Bernoulli equation to both suction and recycle lines, the system head is equal to the frictional head loss in the recycle line, suction line, across the restriction orifice and pipe exit. That is 241
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The total flowrate delivered by the pump (through the transfer and recycle lines) is therefore



9.3 Centrifugalpumpsin seriesandparallel Highlight the benefits of using centrifugal pumps in series and parallel.



Q =Qt +Qr Solution 1td2 =-(Vt 4



+vr)



There are occasions when it is desirable to use centrifugal pumps to deliver a higher head than is normally possible for a fixed flowrate. This can be achieved by using two pumps in series. The total pump characteristic is the sum of the



X (1.75 +1.4)



individual characteristics. Pumps in series are often used for high pressure applications such as boiler feed pumps. Special designs are often used - for example, running the impellers on a common shaft with the casing laid out so that the volute of one pump leads into the eye of the next.



2 _1tXO.l 4



= 0.0247



m3s-1



which, from the pump characteristic equation, corresponds to a delivered pump head of H



= 12 -



It is possible to deliver high flowrates for a given head by using similar pumps in a parallel arrangement where the pump characteristics are added together.



70Q - 4300Q2



= 12 - 70 x 0.Q247 - 4300 x 0.Q2472 Head



= 7.65 m The delivered head therefore closely matches the system head at the flowrate of 1.1xlO-2 m2s-1, corresponding to the duty point. It should be noted that while the duty point corresponds to the maximum flow of liquid delivered by the pump for the system illustrated, it may not correspond to the most efficient operation of the pump (best efficiency point, or 'bep'). Also, to ensure that cavitation is avoided, details of the pump's required net positive suction head (NPSHR) are also required (see Problem 9.5, page 245).
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9.4 Cavitationin centrifugalpumps



9.5 Net positivesuctionhead:definition



Explain what is meant by cavitation in centrifugal pumps.



Explain what is meant by available and required net positive suction head (NPSH).



Solution Vapour forms in any liquid when the pressure in the liquid is less than the vapour pressure at the liquid temperature. The possibility of this happening is much greater when the liquid is in motion, particularly on the suction side of centrifugal pumps where velocities may be high and the pressure correspondingly reduced. Having been formed, the vapour bubbles travel with the liquid and eventually collapse with explosive force giving pressure waves of high intensity. This collapse, or cavitation, occurs on the impeller blades causing noise as well as vibration and erosion of the blades, which may eventually result in a typically pitted appearance similar to that of corrosion. Apart from the audible and destructive effect of cavitation, another sign is a rapid decrease in delivered head and pump efficiency. As a remedy, a throttle valve should be placed in the delivery line and when any symptoms of cavitation are observed the valve can be partially closed, thereby restricting the throughput and reducing the kinetic energy. Cavitation is more likely to occur with high-speed pumps, hot liquids and liquids with a high volatility (high vapour pressure). Problems can also be encountered with slurries and liquids with dissolved gas, and in particular in gas scrubbers which usually operate with liquids saturated with gas. Note that the related phenomenon of separation can occur in reciprocating pumps due to the acceleration of the liquid. This is more likely when the delivery lines are long and the corresponding kinetic energy is large. Apart from providing sufficient net positive suction head (see Problem 9.5, page 245), separation can be avoided by attaching air vessels to both the delivery and suction lines.



---



p



H Discharge Suction



Solution To avoid problems of cavitation in centrifugal pumps it is necessary for the lowest pressure of the liquid in the pump, which is usually at the eye of the impeller, to exceed the vapour pressure of the liquid being delivered. Should the pressure fall below the vapour pressure of the liquid, local vaporization (boiling) is likely to occur although the precise mechanism of cavitation inception is not fully understood. Since the vapour pressure of liquids is a function of temperature, it may be the case that cavitation is more likely to occur during the hot months of summer than in cold winters. Atmospheric conditions may also affect the likelihood of cavitation occurring at low barometric pressures. The required net positive suction head (NPSH) or NPSHR is therefore the positive head necessary to overcome the pressure drop in the pump and maintain the liquid above its vapour pressure. It is a function of pump design, impeller size and speed, and the rate of delivery. To prevent cavitation from occurring this must be exceeded by the available NPSH or NPSHA and is a function of the system in which the pump operates. This includes the minim,umworking gauge pressure of the vapour on the surface of the liquids p, the minimum atmospheric pressure taken as 0.94 of standard atmospheric pressure p a ' the vapour pressure of the liquid at the maximum operating temperature Pv' the static head above the pump centre H, and the head loss due to friction and fittings H L . The available NPSH or NPSHA at the pump suction is then
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NPSHA =p + Pa -Pv pg



9.6 Net positivesuctionhead:calculation1



+ H -HL



A centrifugal pump is used to deliver a liquid of density 970 kgm-3 from an open storage vessel at a rate of 5 m3h-l. The storage vessel has a diameter of 3 m and is initially at a depth of2.5 m. The pump is located at an elevation of 3 m above the bottom of the vessel and the frictional head loss in the suction pipe is 0.5 m. The vapour pressure of the liquid at the temperature of operation is 18 kNm-2 and the NPSH is 5 m. Determine the quantity of liquid delivered and the time taken before cavitation occurs. Allow for worst case meteorological conditions.



and is effectively a measure of the total head available at the pump suction above the vapour pressure. To ensure that vapour bubble formation at the eye of the impeller - and thus problems of cavitation - are avoided, it is essential that the NPSHA is greater than the NPSHR. That is NPSHA > NPSHR In the case of reciprocating type positive displacement pumps, the same approach to calculating the available NPSH is used. This allows for the static liquid head at the pump inlet, minimum barometric pressure, minimum working pressure and vapour pressure of the liquid at the maximum operating temperature. It should be noted, however, that the maximum frictional head in the pump suction line occurs at the point of peak instantaneous flow and not the



---



average flow. This is dependent on the configuration of the pump and has greatest effect for single cylinder (or simplex) pumps (see Problem 9.15, page 265). Additionally, a head correction is required to allow for the acceleration of the fluid in the suction line during each pulsation cycle.



Zl



As with reciprocating pumps, the available NPSH for rotary pumps which operate with pulsed flow requires correction for both frictional head loss in the suction line at peak instantaneous flow and head required to accelerate the fluid in the suction line during each pulsation cycle. Note that while the available NPSH is a function of the system in which the pump operates, the vapour pressure of the liquid being pumped is not always specifically included in the NSPHA calculation. In this case the vapour pressure head is included such that



Zs



Solution Applying



NPSHA > NPSHR +



-



~



the suction



pg



PI -



Details of the required NPSH are usually supplied by the pump manufacturer.



pg



the Be~noulli



equation



point (subscript



+ ZI =-



Ps



pg



between



the free surface



of the liquid (l) and



s) in the pump



2 vs + + Zs + H L



2g



Rearranging, the suction pressure head is therefore 2 ££=~+ZI-Zs pg pg



-~-HL 2g



The minimum suction head before cavitation occurs is ,



££ =NPSH-~ pg
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Thus, for cavitation not to occur 2 Vs



Pv PI -+ =+ ZI -Zs 2g pg pg



NPSH



--



2 VS



9.7 Specificspeed Explain what is meant by specific speed of a centrifugal pump. -HL



2g



Solution



Rearranging, and noting that the pressure on the free surface is taken as 0.94 of the standard atmospheric pressure, the depth that can be pumped before cavitation occurs is Zj



= NPSH = 5 + (18



+



-



Pv - PI



pg



The specific speed is useful for the selection and scale-up of centrifugal pumps and is a measure of pump performance in terms of pump discharge Q, head H and impeller speed N. It is always evaluated at the point of maximum efficiency, otherwise known as the best efficiency point. The general procedure is that once the head and the flow are established for a particular duty, the pump's specific speed can be determined to ensure the selection of the appropriate pump in terms of impeller type and characteristics with optimal operating efficiency. This is determined for a head coefficient CHand capacity coefficient CQ' which, for two geometrically similar pumps, are



+ Zs + H L



3



0.94 x IOU) x 10 +3+ 05 970 x g



= 0.375 m



CH=-



corresponding to a volume of



gHI N2D2 I I (see Problem 4.3, page 104)



v = ~ X 32 x (25 -0.375) 4



--



gH2 N2D2 -2 2



= 15.Q2m2 and The time taken to reach this level is therefore t =-



V



CQ



=



Q --



15.Q2



QI



N D3 I j Q2 3



5



N2D2



=3h



From the head coefficients, the ratio of pump impellers is I



The quantity ofliquid delivered is therefore IS m3, taking 3 hours before cavitation occurs.



EL = N2 D2



NI



!iL 2 [ H2 J



and from the capacity coefficients, the ratio of discharges is



3 EL ~ =~ Q2 N2 [ D2 J
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The ratio of discharges is therefore I



9l =~



N2



Q2



Nl



N2



[



lil [ H2



9.8 Net positivesuctionhead:calculation2



3



A low level alarm is to be installed in a vessel containing warm water at a gauge pressure of 50 kNm-2 to prevent cavitation at the design temperature of 40°c. Determine the minimum level of the alarm above the centre line of the pump if separate tests show that the minimum NPSH for the pump is given by



J]



i NPSH



~(~:J[z;J N lQf 1. H4



1



H



where N s is the specific speed of the pump at maximum efficiency and has a value of 0.14 (m3/4s-3/2), and H is the differential head and is 30 m. Thefrictionallosses in the suction line amount to 0.2 m.



or rearrangIng 1



=2.8N]



1



= N2Q~



1.



H4



Solution



2



The minimum net positive suction head is and is called the specific speed, N s' Although the pump specific speed is usually described as being dimensionless, it has the dimensions of L3/4y-312. The numerical value of the specific speed corresponds to the type of pump for required conditions of rotational speed, t1owrate and head. As a guide Ns 
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Le métier. Le/la responsable de parc supervise et contrôle l'entretien d'un parc de véhicules. Il/elle planifie le renouvellement du parc, les opérations de ...
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F) 

Desâ€‹â€‹sessionsâ€‹â€‹footâ€‹â€‹/â€‹â€‹pingâ€‹â€‹pongâ€‹â€‹/â€‹â€‹babyfootâ€‹â€‹organisÃ©esâ€‹â€‹deâ€‹â€‹tempsâ€‹â€‹enâ€‹â€‹temps. â—‹.
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F) 

interlocuteurs (caristes, manutentionnaires, chef d'équipe, clients…). L'activité varie selon le type d'entreprises, le type de produits, le degré d'informatisation et ...
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F ... 

Outils requis : maÃ®trise des suites Adobe Creative Suite et Microsoft Office. CONTACT. Merci d'envoyer votre candidature (CV, calendrier du rythme d'alternance ...
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f) 

Technicien en maintenance informatique (m/f). Au sein de l'Ã©quipe du Helpdesk, vous assurez l'installation des solutions informatiques. (hardware et software) ...
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