
12 Flow Measurement
Systems

Measurement of the rate of flow of material through pipes is extremely important in
a wide range of industries, including chemical, oil, steel, food and public utilities.
There are a large and bewildering number of different flowmeters on the market 
and the user is faced with the problem of choice outlined in Chapter 7. This chapter
explains the principles and characteristics of the more important flowmeters in 
current use. The chapter is divided into five sections: essential principles of fluid 
mechanics, measurement of velocity at a point in a fluid, volume flow rate, mass flow
rate, and flow measurement in difficult situations.

12.1 Essential principles of fluid mechanics

12.1.1 Shear stress and viscosity
There are three states of matter: solid, liquid and gas. Liquids and gases are differ-
ent in many respects but behave in the same way under the action of a deforming
force. Liquids and gases, i.e. fluids, flow under the action of a deforming force,
whereas a solid retains its shape. The effect is illustrated in Figure 12.1(a), which
shows the effect of a shear force F on a rectangular block. The corresponding shear
stress τ is the force per unit area F/A, where A is the area of the base of the block.
The effect of τ is to deform the block as shown, and the resulting shear strain is
quantified by the angle φ. In a solid φ will be constant with time and of magnitude
proportional to τ. In a fluid φ will increase with time and the fluid will flow. In a
Newtonian fluid the rate of change of shear strain φ/∆t is proportional to τ, i.e. τ =
constant × (φ/∆t) where ∆t is the time interval in which φ occurs. If φ is small and
in radians, we have φ = ∆x/y; also if v is the velocity of the top surface of the block
relative to the base, v = ∆x/∆t. This gives:

τ = constant ×

where the constant of proportionality is the dynamic viscosity η of the fluid. Repla-
cing the velocity gradient term v/y by its differential form dv/dy we have

Newton’s Law of 
Viscosity [12.1]τ η  =
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Figure 12.1(b) shows a fluid flowing over a solid boundary, e.g. a flat plate. The
fluid in contact with the plate surface at y = 0 has zero velocity. As we move away
from the plate, i.e. as y increases, the velocity v of the layers increases, until well
away from the plate the layers have the free stream velocity v0. The layers between
the free stream and the boundary are called boundary layers and are characterised
by a velocity gradient dv/dy. From eqn [12.1] we see that frictional shear stresses 
are present in these boundary layers.

12.1.2 Liquids and gases

Although liquids and gases have the common properties of fluids, they have dis-
tinctive properties of their own. A liquid is difficult to compress, i.e. there is a very
small decrease in volume for a given increase in pressure, and it may be regarded 
as incompressible, i.e. density ρ is independent of pressure (but will depend on 
temperature).

Gases are easy to compress, and density depends on both pressure and temper-
ature. For an ideal gas we have:

Equation of state 
for ideal gas

where P = absolute pressure (Pa)
θ = absolute temperature (K)
V = volume (m3)
ρ = density (kg m−3)
R = constant for the gas (J kg−1 K−1).

For real gases the above equation must be corrected by introducing an experimental
compressibility factor or gas law deviation constant.

PV = mRθ, i.e. P = ρRθ [12.2]

Figure 12.1 Shear stress
and viscosity:
(a) Deformation caused
by shearing forces
(b) Velocity distribution
in boundary layers.
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The amount of heat required to raise the temperature of a gas by a given amount
depends on whether the gas is allowed to expand, i.e. to do work, during the heating
process. A gas therefore has two specific heats: specific heat at constant volume CV

and specific heat at constant pressure CP. If the expansion or contraction of a gas 
is carried out adiabatically, i.e. no heat enters or leaves the system, the process is
accompanied by a change in temperature and the corresponding relationship
between pressure and volume (or density) is:

PV γ = = constant [12.3]

where γ is the specific heat ratio CP /CV.

12.1.3 Laminar and turbulent flow: Reynolds number

Experimental observations have shown that two distinct types of flow can exist. The
first is laminar flow, or viscous or streamline flow; this is shown for a circular pipe
in Figure 12.2(a). Here the particles move in a highly ordered manner, retaining the
same relative positions in successive cross-sections. Thus laminar flow in a circular
pipe can be regarded as a number of annular layers: the velocity of these layers increases
from zero at the pipe wall to a maximum at the pipe centre with significant viscous
shear stresses between each layer. Figure 12.2(a) shows the resulting velocity
profile; this is a graph of layer velocity v versus distance r of layer from centre, and
is parabolic in shape.

The second type of flow, turbulent flow, is shown in Figure 12.2(b). This is highly
disordered; each particle moves randomly in three dimensions and occupies dif-
ferent relative positions in successive cross-sections. As a result, the velocity and 
pressure at a given point in the pipe are both subject to small random fluctuations
with time about their mean values. The viscous friction forces which cause the
ordered motion in laminar flow are much smaller in turbulent flow. Figure 12.2(b)
shows a typical velocity profile for turbulent flow in a circular pipe. It is obtained 
by taking a point r in the pipe and measuring the time average v of the velocity com-
ponent, along the direction of flow at that point.

The Reynolds number tells us whether the flow in a given situation is laminar or
turbulent. It is the dimensionless number:

Reynolds number
[12.4]

where l is a characteristic length of the situation, e.g. pipe diameter. The Reynolds
number represents the ratio of inertial forces (proportional to vlρ) to viscous forces
(proportional to η); thus a low value of Re implies laminar flow and a high value 
turbulent flow. The following is an approximate guide:

Re < 2 × 103 – laminar flow

2 × 103 < Re < 104 – transition region

Re > 104 – turbulent flow

Re  =
vlρ
η

P

ργ
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12.1.4 Volume flow rate, mass, flow rate and mean velocity

Figures 12.2(a) and (b) show the velocity profiles v(r) for both laminar and turbul-
ent flow. If we consider an annular element radius r, thickness ∆r, then this will have
area 2πr∆r (Figure 12.2(c)). The corresponding volume flow rate ∆Q through the 
element is given by:

∆Q = area of element × velocity

= 2πr∆r × v(r)

Hence the total volume flow rate through a circular pipe of radius R is:

Volume flow rate in 
a circular pipe 

In many problems the variation in velocity over the cross-sectional area can 
be neglected and assumed to be constant and equal to the mean velocity ò, which is
defined by:

Q = 2π�
0

R

v(r)r dr [12.5]

Figure 12.2 Types of
flow and velocity profiles
in a circular pipe:
(a) Laminar
(b) Turbulent
(c) Calculation of 
volume flow rate.

        



12.1  ESSENTIAL PRINCIPLES OF FLUID MECHANICS 317

Mean velocity
[12.6]

Here A is the cross-sectional area of the fluid normal to the direction of flow. Finally
the corresponding mass flow rate Ç is given by:

Mass flow rate

12.1.5 Continuity: conservation of mass and volume flow rate

Figure 12.3 shows a streamtube through which there is a steady flow; since condi-
tions are steady the principle of conservation of mass means that:

Mass of fluid entering in unit time = mass of fluid leaving in unit time

i.e. mass flow rate in = mass flow rate out

Using eqn [12.7] we have:

Conservation of 
mass flow rate

If the fluid can be considered incompressible then ρ1 = ρ2 and eqn [12.8] reduces to
the volume flow rate conservation equation:

Conservation of 
volume flow rate

A1ò1 = A2ò2 = Q [12.9]

ρ1A1ò1 = ρ2A2ò2 = Ç [12.8]

Ç = ρQ = ρAò [12.7]

ò  =
Q

A

12.1.6 Total energy and conservation of energy

Figure 12.4 shows an element of an incompressible fluid flowing in a streamtube. 
Since the element is at a height z above the datum level it possesses potential
energy given by:

Potential energy = mgz

where m is the mass of the element. The element is moving with a mean velocity ò
and therefore also possesses kinetic energy given by:

Kinetic energy = 1–2 mò2

Figure 12.3
Conservation of mass
flow rate in a streamtube.
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In addition the element of fluid can also do work because it is flowing under pressure.
If the pressure acting over cross-section XY is P and the area of the cross-section 
is A, then:

Force exerted on XY = PA

If the entire element moves to occupy volume XX ′Y ′Y then the magnitude of this 
volume is m/ρ, where ρ is the density of the fluid. The corresponding distance
moved, XX ′, is given by m/ρA and the work done by the fluid is:

Flow work = force × distance = PA × m/ρA = mP/ρ

Flow work is often referred to as pressure energy; this is the energy possessed by
a fluid when moving under pressure as part of a continuous stream.

The total energy of a flowing fluid is the sum of pressure, kinetic and potential
energies, so that:

Fluid energy
[12.10]

Thus if we consider cross-sectional areas 1 and 2 in Figure 12.4, the principle of con-
servation of energy means that the total energy/unit mass is the same at both sections.
This assumes that there is no energy inflow or outflow between sections 1 and 2, for
example no energy lost in doing work against friction. Using eqn [12.10] we have:

Conservation of energy 
– incompressible fluid [12.11]

Equations [12.10] and [12.11] only apply to incompressible fluids where density ρ
is independent of pressure P. For adiabatic expansion/contraction of a gas described
by P/ργ = constant, the flow work or pressure energy term must be modified to 
[γ /(γ − 1)](P/ρ) so that:
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Figure 12.4 Total energy
and energy conservation
in a flowing fluid.
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Conservation of energy 
– compressible fluid

[12.12]

12.2 Measurement of velocity at a point in a fluid
This is important in investigational work, such as studies of the velocity distribution
around an aerofoil in a wind tunnel, or measurement of the velocity profile in a pipe
prior to the installation of a permanent flowmeter. There are two main methods.

12.2.1 Pitot-static tube

Figure 12.5 shows the principle of the pitot-static tube. At the impact hole part of the
fluid is brought to rest; this part has therefore no kinetic energy, only pressure
energy. At the static holes the fluid is moving and therefore has both kinetic and pres-
sure energy. This creates a pressure difference PI − PS which depends on velocity v.

Incompressible flow

Assuming energy conservation and no frictional or heat losses, the sums of pressure,
kinetic and potential energies at the impact and static holes are equal. Since kinetic
energy at the impact hole is zero:

+ 0 + gzI = + + gzs [12.13]

where zI, zs are the elevations of the holes above a datum line and g = 9.81 m s−2. If
zI = zs then

Pitot tube – 
incompressible flow [12.14]

Compressible flow

The above assumes that the fluid densities at the impact and static holes are equal.
Since PI > PS a compressible fluid has ρ1 > ρ. The energy balance equation is now:

[12.15]

where γ = ratio of specific heats at constant pressure and volume = CP/CV. Assuming
the density changes are adiabatic, we have:

= [12.16]
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giving:

or, in terms of the pressure difference ∆P = PI − PS:

Pitot tube – 
compressible flow

[12.17]

Characteristics and systems

From the incompressible eqn [12.14] we have ∆P = l–2 ρv2, i.e. there is a square law
relation between ∆P and v (see Figure 12.5). Applying the incompressible equation
to air at standard temperature (20 °C) and pressure (PS = 105 Pa), with ρ = 1.2 kg m−3,
gives ∆P = 0.6v2. Thus at v = 5 m s−1 we have ∆P = 15 Pa, ∆P/PS = 1.5 × 10−4; and
at v = 100 m s−1, ∆P = 6 × 103 Pa, ∆P/PS = 6 × 10−2. The small ∆P/PS ratio means
that for v < 100 m s−1, the difference in density between the air at the impact and static
holes is negligible; the error introduced by using the incompressible equation is
within 1%. Close examination of the compressible eqn [12.17] shows that it reduces
to the incompressible eqn [12.14] if ∆P/PS � 1.

The above very low differential pressures mean that special pressure transmitters
must be used. One such transmitter uses a linear variable differential transformer to
sense the deformation of a diaphragm capsule with a large area; this gives a 4 to 
20 mA current output proportional to input differential pressure in the range 0 to 
250 Pa.[1] Figure 12.5 shows a computer-based measurement system incorporating 
this transmitter for measuring air velocities in the range 0 to 20 m s−1. The amplifier
converts the transmitter output to a voltage signal between 0.51 and 2.55 V. The 
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Figure 12.5 Pitot-static
tube.

        



12.3  MEASUREMENT OF VOLUME FLOW RATE 321

analogue-to-digital converter gives an 8-bit parallel digital output signal corres-
ponding to decimal numbers D between 51 and 255. The computer reads D and 
calculates ∆P using:

∆P = 1.2255(D − 51)

and the measured velocity vM using vM = ê1.ú6ú7ú ∆P.
The above system is only suitable for measuring the time average of the velocity

at a point in a fluid. The system frequency response is insufficient for it to measure
the rapid random velocity fluctuations present in turbulent flow.

12.2.2 Hot-wire and film anemometers

These are capable of measuring both average velocity and turbulence. A full account
is given in Sections 14.2 and 14.3.

12.3 Measurement of volume flow rate

12.3.1 Differential pressure flowmeters

These are the most common industrial flowmeters for clean liquids and gases. Here
a constriction is placed in the pipe and the differential pressure developed across the
constriction is measured. The main problem is to accurately infer volume flowrate
from the measured differential pressure (D/P).

Theoretical equation for incompressible flow through a D/P meter

The constriction causes a reduction in the cross-sectional area of the fluid. Figure 12.6(a)
shows this reduction and defines relevant quantities. The following assumptions
enable a theoretical calculation of pressure difference to be made.

1. Frictionless flow – i.e. no energy losses due to friction, either in the fluid itself
or between the fluid and the pipe walls.

2. No heat losses or gains due to heat transfer between the fluid and its 
surroundings.

3. Conservation of total energy (pressure + kinetic + potential):

E1 = + v 2
1 + gz1 = E2 = + v 2

2 + gz2 [12.18]

4. Incompressible fluid, i.e. ρ1 = ρ2 = ρ.
5. Horizontal pipe, i.e. z1 = z2. This means that eqn [12.18] reduces to:

= [12.19]

6. Conservation of volume flow rate, i.e.

Q1 = Q2 = Q where Q1 = A1v1 and Q2 = A2v2 [12.20]
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