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1. Principles of Momentum Transfer – Basic Definitions and Measurements
University of KwaZulu-Natal, School of Chemical Engineering, August 2004, R Rawatlal

	1.1 The Nature of Fluids

- A fluid does not permanently resist distortion ( will change its shape depending on the forces acting on it. Gases, liquids and vapours are considered here to be fluids.

- If the density of a fluid changes significantly with pressure, then it is compressible. Gases are usually thought of as compressible, while liquids are not.

- The study of momentum transfer is also called fluid mechanics and may be divided into fluid statics and fluid mechanics. As the names imply, the distinguishing criterion is the state of motion of the fluid. An important property of a fluid is its pressure, since it enables us to predict the flow behaviour of the fluid.
1.2 Intro to Fluid Pressure
- We are familiar with pressure being the force exerted per surface area. In fluid mechanics, however, pressure doesn’t apply only to surfaces; pressure also exists, for instance, at the interior points of a fluid. Consider the figure shown below:
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How does pressure P1 vary with distance h1 (distance from h2 to the plane A1)? [Consider h2 to be the fixed liquid level, and P0 to be the pressure exerted on the liquid.]
Ans: The fluid at height h1 must support the fluid above it. The mass of this fluid is h1A1, where  is the density of the fluid. The pressure at plane A1 is therefore

P1 = P0 + h1A1g/A1=P0+h1g, where g is the gravitational constant. In a similar way, it can be shown that at the bottom: P2 = P0 + h2g

	1.2 Intro to Fluid Pressure (ctd.)
The pressure difference between these two points is then:
P2 – P1 = (h2 - h1g
Since it is the vertical height difference that determines the pressure difference, the shape of the vessel that contains the fluid does not affect the pressure.
(Can you give an alternative, mechanism-based reason for this?)
As such, pressure is sometimes expressed as the ‘head’ of fluid, or the height of the fluid that will exert the corresponding pressure, as shown below:

h = P/(g)
1.3 Measurement of Fluid Pressure
1.3.1 The U-tube Manometer
Suppose we have a fluid (B) and wish to determine the pressure difference in this fluid between two points (points a and b). We may then use a U-tube manometer (shown below) which contains a fluid (A) that will be displaced corresponding to the pressure difference (see points 2 and 4). We may then use the difference h4 – h2 = R to obtain the required pressure difference Pa – Pb. How to do this?
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Ans: The pressure at point 2 is: P2 =Pa+(Z+R)Bg,

Since 2 and 3 are at the same level P2 =P3  
The pressure at 3 is: P3 =Pb+ZBg+RAg
Therefore Pa+(Z+R)Bg = Pb+ZBg+RAg
Or Pa+RBg = Pb+RAg

Or Pa – Pb = Rg(A - B)


	1.3 Measurement of Fluid Pressure (ctd.)
1.3.2 The 2-Fluid U-tube
… is used to measure small pressure differences. It consists of two large reservoirs (cross-sec area A) connected by a tube (cross-sec area a). See figure below:

[image: image3.png]



The difference in pressure is given by:
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Where R0 is the reading when Pa = Pb.

If the ratio a/A is negligibly small, then:
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 (as before)

1.3.3 Bourdon pressure guage
- coiled hollow tube tends to straighten when subjected to internal pressure, with degree of straightening depending on difference in pressure between inside and outside the tube. This is quite a popular pressure measurement device.
1.4 Intro to Viscosity
An intuitive description of viscosity (laminar flow):
If the fluid flows as if composed of layers, with no lateral movement of the ‘packets of fluid’ across the layers, the fluid is in laminar flow. (At high velocities, eddies form, giving rise to lateral movement, and this is turbulent flow.)
In the case of laminar flow, we may understand viscosity to be that resistance the fluid will offer to a stress acting on the fluid. These viscous forces arise from forces existing between the molecules that constitute the fluid. They are analogous to the shear forces of solids.


	1.4 Intro to Viscosity (ctd)
A quantitative approach (laminar flow)
Consider a fluid between two plates of infinitely large area and y apart. A force is exerted on the bottom plate such that it moves at a constant velocity vz faster than the top plate. This force is the viscous drag, or the force needed to keep the fluid moving at a velocity that is vz greater than the fluid above it.
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It is observed by experimentation that for many fluids, the viscous force is directly proportional to the velocity difference vz, to the area A of the plate used and inversely proportional to the distance y. This has been assembled as the Newton’s law of viscosity (for laminar flow):
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where the proportionality constant  is viscosity of the fluid. The SI units of viscosity are kg/m.s (or N.s/m2 or Pa.s) but is commonly expressed as poise or centipoise (cp), where 1cp = 1x10-3Pa.s = 1x10-3 N.s/m2.
1.5 Shear Stress
We also define the quantity yz = F/A to be the shear stress. (Why so named?) It may be interpreted as the flux of z-directed momentum in the y-direction, or the rate of flow of momentum per unit area. (Needs a few pictures to explain it.) The units are in kg.m/s.
1.6 Types of Fluids
Fluids that follows the Newton’s law of viscosity are called Newtonian fluids (linear relationship between shear stress and velocity gradient), and for these fluids,  is constant and independent of the velocity gradient (also called the shear rate). 

There do, however, exist Non-Newtonian fluids, and for these the viscosity depends on the shear rate. Examples of non-Newtonian fluids are pastes, slurries, slurries, high-weight polymers and emulsions. Rheology is the study of flow and deformation of fluids. Gases are Newtonian fluids to about 10atm.



	1.7 Non-Newtonian Fluids
Non-Newtonian fluids may be classified according to whether or not their shear stress depends on the time of shear (how long the stress has been applied). There are also fluids that exhibit elasticity, which is time-dependent, and these are called visco-elastic fluids. 
1.8 Measurement of Flow
It is obviously important to be able to measure the flow of material in a process, since this enables us to determine not only the amount of fluid entering a unit, but also predict the composition of the fluid(s) in the unit, as well as the energy characteristics.
Some of the variables that can be used to represent the fluid flow are molar flowrate, mass flowrate, volumetric flowrate and average fluid velocity. In this section, the focus will be on measuring the mass flowrate and linear velocity, since these, together with the fluid properties, may be used to obtain all the others.

We note that the Bernoulli’s equation is useful in flow measurements, and so is reproduced below:
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    …(1.8.1)
where zi are elevations. For flow in horizontal pipes, the elevations balance one another and we neglect for now the corresponding terms, which leaves:

[image: image9.wmf]22

1212

0

2

vvPP

r

--

+=

   …(1.8.2)

Various flow measurement devices have been proposed to exploit this relation between pressure and velocity.
1.8.1 The Pitot Tube

As can be seen from the figure, the Pitot tube is exposed to the fluid whose flowrate we wish to measure and contains a fluid of its own. The end exposed to the process fluid is at a higher pressure, which causes the fluid in the Pitot tube to achieve new levels. As explained in 1.2, this height difference is used to infer the pressure exerted by the process fluid. The pressure difference P1 – P2 in eq. 1.8.2 is therefore known, where point 1 is regarded as the fluid just before deceleration due to contact with the tube (which is essentially a dead end) and 2 is at the mouth of the tube (where velocity v2 is zero due to back-pressure from the ‘dead-end’ tube). We have therefore:
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	1.8 Measurement of Flow (ctd.)
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The equation is ‘corrected’ by adding a factor that takes into account deviations from ideality that attend the practical engineering world:
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where Cp is the correction factor and generally varies between 0.98 and 1.

We note from section 1.2 that the pressure difference is obtained as follows:
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where A is the density of the fluid in the Pitot tube.

We note that the velocity predicted by the Pitot tube is really the local velocity at the axial position of the tube opening, which may be quite different to the average velocity. If the flow is laminar and the tube mouth is at the centre-line position, this will in fact be the maximum velocity. We will see later in the course how the average velocity relates to the maximum velocity for this case.
1.5 Shear Stress
We also define the quantity yz = F/A to be the shear stress. (Why so named?) It may be interpreted as the flux of z-directed momentum in the y-direction, or the rate of flow of momentum per unit area. (Needs a few pictures to explain it.) The units are in kg.m/s.
1.6 Types of Fluids
Fluids that follows the Newton’s law of viscosity are called Newtonian fluids (linear relationship between shear stress and velocity gradient), and for these fluids,  is constant and independent of the velocity gradient (also called the shear rate). 

There do, however, exist Non-Newtonian fluids, and for these the viscosity depends on the shear rate. Examples of non-Newtonian fluids are pastes, slurries, slurries, high-weight polymers and emulsions. Rheology is the study of flow and deformation of fluids. Gases are Newtonian fluids to about 10atm.



	1.8 Measurement of Flow (ctd.)
1.8.2 The Venturi Meter
A venturi meter such as the one shown below can be inserted directly into a pipeline, with a manometer or other pressure measurement device measuring the pressure difference between two points, just as in the case of the Pitot tube, with points 1 and 2 indicated on the figure. In this case, the velocities are non-zero at both points, and in this case rather than a numerical value for one of the velocities, we have, in addition to the Bernoulli equation, the continuity equation:
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That is, since the mass flowrate is the same at the these two points, (the gradual slope of the Venturi meter offers negligible friction) and assuming that fluid density does not change much, the volumetric flowrate must be the same. Upon combining with the Bernoulli equation, we easily obtain (prove as ex.)
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and, applying the ‘engineering factor’ to even out imperfections:
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For the case of compressible fluid flow, especially in the case of gases, the density change can be significant. In this case, we work in terms of the mass flow by multiplying the volumetric flowrate (v2A) by the density of the fluid upstream of point 1 and a correction factor Y, which accounts for the density variation due to the contraction:
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The expansion factor may be obtained by using the graph shown alongside and above.
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	1.8 Measurement of Flow (ctd.)
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1.8.3 The Orifice Meter

The Venturi meter occupies space and is expensive, and its throat diameter is fixed, so when the flow range is changed, inaccurate pressure differences may result. The orifice meter does not suffer these disadvantages, but offers a great resistance to flow, thus increasing the pumping costs for the pipelines on which it is installed. The figure shows a typical orifice meter. 
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FIGURE 3.2-4.  Orifice flow meter.




As before, the following relation is used in estimating the flowrate:
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where D0 is the orifice diameter and C0 must be determined experimentally (normally significantly different from 1). Again, as before, for compressible fluid flow, it is necessary to correct this the relation using the ‘Y-factor’ as follows:
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where Y is obtained from the same graph used for the Venturi-meter. For liquids (approximately incompressible) Y is 1.0. Some correlations are available for estimating the pressure loss due to the attendant formation of eddies after the orifice. 

A very similar approach is used in Flow-Nozzle Meters.
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1.8.4 Variable-Area Flow Meters (Rotameters) – an important flow measurement device

Refer to the figure. The fluid enters at the bottom of a tapered glass tube, flows through the annulus between the tube and the float and out the top. Since the diameter of the float obviously does not change, the annulus cross-sectional area increases the higher the float goes. The higher the flowrate, the higher the float must go to keep the pressure drop (due to the float’s resistance to the fluid) constant. The following applies: 
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, where qA is the reading on the rotameter and K is a constant to be determined experimentally. f is the float density.


Figures taken from C.J. Geankoplis, “Transport Processes and Separation Process Principles”, 4th ed., Prentice Hall (2003)
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