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3 Be able to determine the parameters of fluid systems Thrust on a submerged surface: hydrostatic pressure, hydrostatic thrust on an immersed plane surface (F =ρgAh); centre of pressure of a rectangular retaining surface with one edge in the free surface of a liquid  Immersed bodies: Archimedes’ principle; fluid e.g. liquid, gas; immersion of a body e.g. fully immersed, partly immersed, determination of density using floatation and specific gravity bottle  Design characteristics of a gradually tapering pipe: e.g. volume flow rate, mass flow rate, input and output flow velocities, input and output diameters, continuity of volume and mass for incompressible fluid flow.



SOME FUNDAMENTAL REVISION BEFORE YOU START DENSITY



Density ρ relates the mass and volume such that



= m/V  kg/ m3



PRESSURE



Pressure is the result of compacting the molecules of a fluid into a smaller space than it would otherwise occupy. Pressure is the force per unit area acting on a surface. The unit of pressure is the  PASCAL. The Pascal is a small unit of pressure so higher multiples are  N/m2 and this is called a  PASCAL. common. 1 kPa = 10 3 N/m2 1 MPa = 106 N/m2 Another common unit of pressure is the bar the bar but  but this is not an SI unit. 5 2 1 bar = 10  N/m 1 mb = 100 N/m 2 GAUGE AND ABSOLUTE PRESSURE



Most pressure gauges are designed only to measure and indicate the pressure of a fluid above that of the surrounding atmosphere and indicate zero when connected to the atmosphere. These are called  gauge pressures and pressures and are normally used. Sometimes it is necessary to add the atmospheric pressure onto the gauge reading in order to find the true or  absolute pressure pressure.. Absolute pressure = gauge pressure + atmospheric pressure. Standard atmospheric pressure is 1.013 bar.
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 2.



HYDROSTATIC FORCES



2.1



HYDROSTATIC PRESSURE



2.1.1



PRESSURE INSIDE PIPES AND VESSELS



Pressure results when a liquid is compacted into a volume. The pressure inside vessels and pipes  produce stresses and strains as it tries to stretch the material. An example of this is a pipe with flanged joints. The pressure in the pipe tries to separate the flanges. The force is the product of the  pressure and the bore area.



Fig.1



WORKED EXAMPLE No. 1



Calculate the force trying to separate the flanges of a valve (Fig.1) when the pressure is 2 MPa and the pipe bore is 50 mm. SOLUTION



Force = pressure x bore area Bore area = πD2/4 = π x 0.052/4 = 1.963 x 10 -3 m2 Pressure = 2 x 106 Pa Force = 2 x 10 6 x 1.963 x 10 -3 = 3.927 x 10 3 N or 3.927 kN 
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 2.1.2 PRESSURE DUE TO THE WEIGHT OF A LIQUID



Consider a tank full of liquid as shown. The liquid has a total weight W and this bears down on the  bottom and produces a pressure p. Pascal showed that the pressure in a liquid always acts normal (at 90o) to the surface of contact so the pressure pushes down onto the bottom of the tank. He also showed that the pressure at a given point acts equally in all directions so the pressure also pushes up on the liquid above it and sideways against the walls.



Fig. 2 The volume of the liquid is V = A h m



3



The mass of liquid is hence m = ρV = ρAh kg The weight is obtained by multiplying by the gravitational constant g. W = mg = ρAhg Newton The pressure on the bottom is the weight per unit area p = W/A N/m2 It follows that the pressure at a depth h in a liquid is given by the following equation.  p = gh The unit of pressure is the N/m 2 and this is called a PASCAL. The Pascal is a small unit of pressure so higher multiples are common.



WORKED EXAMPLE 2



Calculate the pressure and force on an inspection hatch 0.75 m diameter located on the bottom of a tank when it is filled with oil of density 875 kg/m 3 to a depth of 7 m. SOLUTION



The pressure on the bottom of the tank is found as follows. p = ρ g h ρ = 875 kg/m3 g = 9.81 m/s2 h=7m  p = 875 x 9.81 x 7 = 60086 N/m 2 or 60.086 kPa The force is the product of pressure and area. A = πD2/4 = π x 0.75 2/4 = 0.442 m2 F = p A = 60.086 x 10 3 x 0.442 = 26.55 x 10 3 N or 26.55 Kn
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 2.1.3 PRESSURE HEAD



When h is made the subject of the formula, it is called the  pressure head. h = p/   g Pressure is often measured by using a column of liquid. Consider a  pipe carrying liquid at pressure p. If a small vertical pipe is attached to it, the liquid will rise to a height h and at this height, the pressure at the foot of the column is equal to the pressure in the pipe. Fig.3



This principle is used in barometers to measure atmospheric pressure and manometers to measure gas pressure. In the manometer, the weight of the gas is negligible so the height h represents the difference in the pressures p1 and p2.  p1 - p 2 = g h In the case of the barometer, the column is closed at the top so that p2 = 0 and p1 = pa. The height h represents the atmospheric  pressure. Mercury is used as the liquid because it does not evaporate easily at the near total vacuum on the top of the column. P a = g h Barometer



Manometer Fig.4



WORKED EXAMPLE No. 3



A manometer (fig.4) is used to measure the pressure of gas in a container. One side is connected to the container and the other side is open to the atmosphere. The manometer contains oil of density 750 kg/m 3 and the head is 50 mm. Calculate the gauge pressure of the gas in the container. SOLUTION



 p1 - p2 = ρ g h = 750 x 9.81 x 0.05 = 367.9 Pa Since p2 is atmospheric pressure, this is the gauge pressure. p 2 = 367.9 Pa (gauge)



SELF ASSESSMENT EXERCISE No.1



1.



A mercury barometer gives a pressure head of 758 mm. The density is 13 600 kg/m3. Calculate the atmospheric pressure in bar. (1.0113 bar)



2.



A manometer (fig.4) is used to measure the pressure of gas in a container. One side is connected to the container and the other side is open to the atmosphere. The manometer contains water of density 1000 kg/m 3 and the head is 250 mm. Calculate the gauge pressure of the gas in the container. (2.452.5 kPa)



3.



Calculate the pressure and force on a horizontal submarine hatch 1.2 m diameter when it is at a depth of 800 m in seawater of density 1030 kg/m 3. (8.083 MPa and 9.142 MN)
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 3.



DENSITY MEASUREMENT



HYDROMETER



This is an instrument that measures the specific gravity of a liquid by measuring how deep something floats. The specific gravity of the fluid is read off from a scale attached to the float. The picture shows typical hydrometer floats.  Note specific gravity is the ratio of the density to the density of pure water. 3 ρ = d x 1000 kg/m Fig. 5 DENSITY FLASKS



Another way to find the density of a fluid is to weigh an accurate volume. To do this a density bottle is used. The bottle is filled and then a ground glass stopper is placed in the top. This has a small hole and the liquid is pushed up through the hole in the stopper. This must be carefully wiped away. The volume of the liquid is then very accurately known and this is engraved on the flask. The mass of the liquid is found by weighing and the density calculated from ρ = Mass/Volume Fig. 6



WORKED EXAMPLE No. 4



A density flask is accurately weighed empty and its mass is 60.252 g. It is then carefully filled with oil and the engraved volume on the flask is 99.307 ml. The flask is reweighed and the total mass is found to be 153.261 g. Calculate the density of the oil. SOLUTION



The mass of the oil is 153.261 - 60.252 = 93.009 g The density is hence ρ = 93.009/99.307 = 0.937 g/ml  Note 1 ml = 1 x 10-6 m3 and 1 g = 1 x 10 -3 kg so the density in SI units is 937 kg/ m 3



SELF ASSESSMENT EXERCISE No. 2



1. A hydrometer floating in a liquid indicates a specific gravity of 0.87. What is the density of the liquid? 2. A density flask has an engraved volume of 50.01 ml. When filled with a liquid it's weighed mass increases by 44.2 g. What is the density in kg/m 3? (884 kg/m3) © D.J.Dunn www.freestudy.co.uk
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 4. ARCHIMEDES' PRINCIPLE When a body floats, the weight W of the body is equal and opposite of the pressure force F acting upwards on it. Consider a uniform cylinder floating vertically.



Fig. 7 The pressure on the bottom of the cylinder is p = ρf  g h where ρf  is the density of the liquid. The force pushing up on the bottom is F = p A = ρf  g Ah. This is called the BUOYANCY FORCE. The product A h is the volume of the hole that the cylinder makes in the liquid and this is called the DISPLACEMENT VOLUME. The free body diagram shows that the buoyancy force must be equal and opposite to the weight of the floating body. This is true no matter what the shape and so any ship or boat displaces a weight of liquid equal to the weight of the vessel. W=F M g = ρf  g Ah =



ρf  g



V



If we filled the hole with liquid then the mass of the liquid would be



ρf  V



= Mf 



M g = ρf  g Ah = M f  g It follows that a floating body displaces its own mass of liquid. This is Archimedes' principle. If the body is floating but completely submerged, this would still be true.



WORKED EXAMPLE No. 5



A ship is in dry dock and water is allowed in until it floats. The volume of water allowed in is metered and found to be 3450 m 3. The dry dock is a rectangular shape 80 m long and 20 m wide. When the ship is floating the depth of water is 5 m. Calculate the displacement mass and volume of the ship. The density of the water is 1026 kg/m 3. SOLUTION



The volume of water that would fill the dock with no ship in it is 80 x 20 x 5 = 8000 m 3 The actual volume of water is 3450 m3 The volume displaced by the ship must be 8000 - 3450 = 4550 m 3 The mass of water displaced = 4550 x 1026 = 4668300 kg or 4668.3 Tonne. This is the mass of the ship.
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 SELF ASSESSMENT EXERCISE No. 3



1. A solid cylinder 50 mm diameter and 400 mm long floats in a liquid to a depth of 300 mm. Given the density of the liquid is 1000 kg/m 3, calculate the mass and density of the material in the cylinder. (0.589 kg and 750 kg/m 3) 2. A boat has a displacement volume of 5.2 m3 when floating in fresh water. Calculate its mass and its displacement volume when floating in sea water. The density of fresh water and sea water are 1000 and 1036 kg/m 3 respectively. What happens to the depth at which it floats? (5.019 m3)



5.



FORCES ON SUBMERGED SURFACES



5.1



TOTAL FORCE



Consider a tank full of liquid with a rectangular door D metres deep and B metres wide in one side. You should already know that the pressure at depth h in a liquid is given by the equation p = ρgh. ρ is the density and h the depth. The gauge pressure on the inside varies from 0 at the surface to p = ρ g D at the  bottom The average pressure is clearly half of this so the average pressure acting on the inside of the door is p = ρ g D/2



Fig.8 Since we have atmospheric pressure acting all over the outside of the door, we need not add atmospheric pressure to the inside of the door gauge pressure is all we need to consider.



The force due to the pressure of the liquid pushing the door outwards is normally denoted R and this will be product of mean pressure and area. R = (ρ g D/2) A The area is BD so: R = ρ g B D2/2 The centre of the door is a depth of D/2 and this is the centre of area denoted G and the depth to the G is usually denoted y . In this case we have: R  = ρgAy The term Ay is the first moment of area of the door about the surface and in general, the total force on a submerged surface is  R = g x 1st moment of area about the free surface. If we were going to consider examples where the top of the door is below the surface this would be important but in this unit we only have to deal with the case shown. © D.J.Dunn www.freestudy.co.uk
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 5.2 CENTRE OF PRESSURE



Consider the door in our tank has a hinge on the bottom. The thrust due to the pressure would make the door swing open about this hinge. We would need to apply a force on the outside to stop it swinging. The force R produces a turning moment M about the hinge and if are going to calculate this moment, we need to know the depth at which R may be assumed to act. This depth is denoted h and the point where it acts is called the CENTRE OF PRESSURE . You might think that this would be at the centre of the door but it isn't, it is at a depth of 2D/3. Proving this requires the use of calculus and you might not have covered this in maths. Fig. 9 PROOF



Consider an elementary strip of area at depth h. The area of the strip is dA = B dh The force acting on the strip is dF = p dA dF = ρgh B dh The total force acting on the area is the integral of this between the top and bottom. Fig. 10 D



⎡ h2 ⎤ ⎡ D2 ⎤ ⎛ D ⎞ = ρgAy R  = ∫ dR  = ∫ ρgBhdh = ρgB ∫ hdh = ρgB⎢ ⎥ = ρgB⎢ gA = ρ ⎜ ⎟ ⎥ 2 2 ⎝  2  ⎠ ⎣ ⎦0 ⎣ ⎦ 0 0 0 D



D



D



This is the result found earlier. The force on the strip produces a turning moment about the top of dM = h dR The total turning moment about the top is obtained by integrating this expression between the limits of 0 and h. D



M



D



= ∫ hdR  = ∫ ρgBh 0



M



=



dh



= ρgB ∫ h



0



ρgAD



3



2



D



D



2



0



2



⎡ h 3 ⎤ ρgBD3 dh = ρgB⎢ ⎥ = 3 ⎣ 3 ⎦0



D ⎞⎛ 2D ⎞ ⎛ 2D ⎞ = ρgA⎛  ⎜ ⎟⎜ ⎟ = R ⎜ ⎟ ⎝  2  ⎠⎝  3  ⎠ ⎝  3  ⎠



The total moment is also given by M = R h so it follows that h = 2D/3 and this is the depth to the centre of pressure where we assume R to act.
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 WORKED EXAMPLE No. 6



A dam wall as shown has water to a depth of 6 m behind it. The wall is 12 m long. Calculate the force on the wall and the overturning moment about the base. The density of water is 1000 kg/m3.



Fig.11 SOLUTION



R  = ρgAy A = 12 x 6 = 48 m 2 y = D/2 = 6/2 = 3 m R = 1000 x 9.81 x 48 x 3 = 1412640 N or 1.41264 MN M=R h M = 1.41264 x 4 = 5.65 MN m h =2 x 6/3 = 4 m



WORKED EXAMPLE No. 7



A Rectangular tank is constructed as shown. It is filled with oil of density 820 kg/m 3. There is a circular hatch bolted onto the bottom as shown. On one wall there is a rectangular door 0.75 m wide that is held in place by a force F at the top as shown. The bottom of the door may be regarded as a hinge.



Fig. 12 Calculate the following: i. ii. iii.



The force acting down on the bottom hatch. The force F required to keep the side door closed. The reaction force at the bottom hinge.



SOLUTION



The pressure acting on the bottom is p = ρ g h = 820 x 9.81 x 2 = 16088.4 N The Area = πd2/4 = π (0.5)2/4 = 0.1963 m 2 The thrust on the hatch is F = pA = 16088.4 x 0.1963 = 3158.95 N
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 The thrust on the side door R  = ρgAy R = 820 x 9.81 x 1.35 x 0.9 = 9773.7 N The centre of pressure is at 2/3 of the depth.



y = 1.8/2 = 0.9 m



A = 0.75 x 1.8 = 1.35 m 2



h = 2 x 1.8/3 = 1.2 m



The moments acting on the door are as shown.



Fig. 13 Apply D'Alembert's principle to forces and moments. If the door is in equilibrium then: Take moments about the bottom. (F x 1.8) - (9773.7 x 0.6) = 0 Hence F = 3257.9 N Balancing horizontal forces 3257.9 + R  b - 9773.7 = 0 Hence R  b = 6515.8 N



SELF ASSESSMENT EXERCISE No. 4



1.



A vertical retaining wall contains water to a depth of 20 metres. Calculate the turning moment about the bottom for a unit width. Take the density as 1000 kg/m 3. (13.08 MNm)



2.



A vertical wall separates seawater on one side from fresh water on the other side. The seawater is 3.5 m deep and has a density of 1030 kg/m 3. The fresh water is 2 m deep and has a density of 1000 kg/m3. Calculate the turning moment produced about the bottom for a unit width. (59.12 kNm)



3. A rectangular sluice gate in a dam wall is pivoted at the top as shown. Calculate the force F required to keep the gate closed and the reaction force in the hinge. The gate is 1 m wide and the water has a density of 1010 kg/m 3.



Fig. 14 (2231.2 N and 939.4 N)
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 1.



CONTINUITY OF FLOW.



FLOW RATE



Fig. 15 Consider a fluid moving with uniform velocity through a pipe. Think of the volume as a solid cylinder moving at v m/s and passing a point so that in 1 second a length L passes. The volume that has passed that point is A L and since this happens in 1 second the volumetric flow rate is 3 V = A v m /s If we use the density of the fluid to convert the volume to mass we have the mass flow rate: m = ρAv Consider the duct shown that first tapers down from point (1) to point (2) and then tapers out again to point (3).



Fig. 16 The fluid flows at a constant rate so the mass flowing past each point over a given period of time must be the same. In other words the mass flow rate must be the same at all points along the duct. It follows that: m=



1A1v1 =



2A2v2 =



3A3v3



We only have to consider liquids and in this case the density does not change from one point to another. (If it was a gas it would). If the density is unchanged then the volume flow rate must be the same at all sections. It follows that: V = A1v1 = A2v2 = A3v3 This equation will be needed to enable you to calculate the velocity and hence kinetic energy of a fluid.
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 WORKED EXAMPLE No. 8



A pipe 50 mm bore diameter, carries water with a mean velocity of 4 m/s. The density of water is 1000 kg/m3. Calculate the following. i. The volumetric flow rate. ii. The mass flow rate. The pipe reduces to 25 mm bore diameter. Calculate the new velocity. SOLUTION



A1



=



πd



2



4



=



π



x 502 4



= 1963.5 mm 2



or 1.9635 x 10-3 m 2



Volume flow rate = V = A1v1



= 1.9635 x 10-3 x 4 = 7.854 x 10-3 m3 /s m = density x volume = ρV = 1000 x 7.854 x 10- 3 = 7.854 kg/s A2



=



A1v1



πd



4



2



=



= A1v1



π



x 252 4  but



= 490.87 mm 2 ρ1



= ρ1



v2



=



A1v1 A2



=



1963.5 x 4 490.87



= 16m/s



SELF ASSESSMENT EXERCISE No. 5



1.



Water flows in a pipe at a rate of 0.025 m3/s. The pipe bore is 60 mm diameter. Calculate the mean velocity and mass flow rate. Take the density as 1000 kg/m 3. (8.842 m/s and 25 kg/s)



2. A duct has a cross sectional area of 0.08 m2 and carries liquid at a velocity of 0.5 m/s. The duct reduces to a cross sectional area of 0.02 m 2. Calculate the volumetric flow rate and the velocity in the smaller section. (0.04 m3/s and 2 m/s) 3. A liquid flows in a pipe at a rate of 1.7 kg/s. The pipe has a bore 20 mm diameter. The liquid has a density of 800 kg/m 3. Calculate the velocity of the liquid. (6.76 m/s)
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