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Unidades de Presión

1 psi! ≡ 1 lbf/in2 

= 6,894.76!Pa = 6,894.76!newton/m2

= 68.948×10−3!bar (1 bar = 105 Pa)
= 68.046×10−3!atm 
= 51.715 torr! = 51.715 mm-Hg

SENSORES DE PRESIÓN
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TUBO DE BOURDON
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Fig. 15.6 Manometers: (a) U-tube; (b) well type; (c) inclined type.

The well-type or cistern manometer, shown in Figure 15.6(b), is similar to a U-tube
manometer but one half of the tube is made very large so that it forms a well. The
change in the level of the well as the measured pressure varies is negligible. Therefore,
the liquid level in only one tube has to be measured, which makes the instrument much
easier to use than the U-tube manometer. If an unknown pressure p1 is applied to port
A, and port B is open to the atmosphere, the gauge pressure is given by p1 D h!. It
might appear that the instrument would give a better measurement accuracy than the
U-tube manometer because the need to subtract two liquid level measurements in order
to arrive at the pressure value is avoided. However, this benefit is swamped by errors
that arise due to the typical cross-sectional area variations in the glass used to make
the tube. Such variations do not affect the accuracy of the U-tube manometer to the
same extent.

The inclined manometer or draft gauge, shown in Figure 15.6(c), is a variation on the
well-type manometer in which one leg of the tube is inclined to increase measurement
sensitivity. However, similar comments to those above apply about accuracy.

15.7 Resonant-wire devices

A typical resonant-wire device is shown schematically in Figure 15.7. Wire is stretched
across a chamber containing fluid at unknown pressure subjected to a magnetic field.

310 Pressure measurement

The existence of one potentially major source of error in Bourdon tube pressure
measurement has not been widely documented, and few manufacturers of Bourdon
tubes make any attempt to warn users of their products appropriately. The problem is
concerned with the relationship between the fluid being measured and the fluid used for
calibration. The pointer of Bourdon tubes is normally set at zero during manufacture,
using air as the calibration medium. However, if a different fluid, especially a liquid,
is subsequently used with a Bourdon tube, the fluid in the tube will cause a non-zero
deflection according to its weight compared with air, resulting in a reading error of
up to 6%. This can be avoided by calibrating the Bourdon tube with the fluid to be
measured instead of with air, assuming of course that the user is aware of the problem.
Alternatively, correction can be made according to the calculated weight of the fluid in
the tube. Unfortunately, difficulties arise with both of these solutions if air is trapped
in the tube, since this will prevent the tube being filled completely by the fluid. Then,
the amount of fluid actually in the tube, and its weight, will be unknown.

In conclusion, therefore, Bourdon tubes only have guaranteed accuracy limits when
measuring gaseous pressures. Their use for accurate measurement of liquid pressures
poses great difficulty unless the gauge can be totally filled with liquid during both
calibration and measurement, a condition that is very difficult to fulfil practically.

15.6 Manometers
Manometers are passive instruments that give a visual indication of pressure values.
Various types exist.

The U-tube manometer, shown in Figure 15.6(a), is the most common form of
manometer. Applied pressure causes a displacement of liquid inside the U-shaped
glass tube, and the output pressure reading P is made by observing the difference h
between the level of liquid in the two halves of the tube A and B, according to the
equation P D h!g, where ! is the specific gravity of the fluid. If an unknown pres-
sure is applied to side A, and side B is open to the atmosphere, the output reading
is gauge pressure. Alternatively, if side B of the tube is sealed and evacuated, the
output reading is absolute pressure. The U-tube manometer also measures the differen-
tial pressure "p1 ! p2#, according to the expression "p1 ! p2# D h!g, if two unknown
pressures p1 and p2 are applied respectively to sides A and B of the tube.

Output readings from U-tube manometers are subject to error, principally because it
is very difficult to judge exactly where the meniscus levels of the liquid are in the two
halves of the tube. In absolute pressure measurement, an addition error occurs because
it is impossible to totally evacuate the closed end of the tube.

U-tube manometers are typically used to measure gauge and differential pressures up
to about 2 bar. The type of liquid used in the instrument depends on the pressure and
characteristics of the fluid being measured. Water is a cheap and convenient choice,
but it evaporates easily and is difficult to see. Nevertheless, it is used extensively, with
the major obstacles to its use being overcome by using coloured water and by regularly
topping up the tube to counteract evaporation. However, water is definitely not used
when measuring the pressure of fluids that react with or dissolve in water. Water is
also unsuitable when high-pressure measurements are required. In such circumstances,
liquids such as aniline, carbon tetrachloride, bromoform, mercury or transformer oil
are used instead.

g = 980.665 cm/s2; ρ = liquid density
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Capacitivo - basado en membrana de Si
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Q = flujo volumetrico
Qm = flujo de masa = ρQ = dm/dt
Qv = velocidad del flujo = Q/A

Flujo turbulento: N > 4000
Flujo laminar: N < 2000

Re = numero de Reynolds

MEDICIÓN DE FLUJO

µ = viscosidad del fluido

Ecuación de Bernoulli
Q = k

�
P2 � P1

Re =
Qvd⇢

µ
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2.  Pipe Flows: Measurement of Volume and Mass Flow Rates 

 

2.1  Differential Pressure Flow Meters 

 

Differential pressure flow meters all infer the flowrate from a pressure drop across a restriction in 

the pipe. For many years, they were the only reliable methods available, and they remain popular 

despite the development of higher performance modern devices, mostly on account of 

exceptionally well researched and documented standards. 

 

The analysis of the flow through a restriction (Figure 2.1) begins with assuming straight, parallel 

stream lines at cross sections 1 and 2, and the absence of energy losses along the streamline from 

point 1 to point 2. 

 
 D1         Dt    D2

   2

  1

 
Figure 2.1: A generalised restriction / differential pressure flow meter. 

 

The objective is to measure the mass flow rate, &m . By continuity, 

 &m u A u A= =! !
1 1 2 2

       [2.1] 

Bernoulli’s equation may now be applied to a streamline down the centre of the pipe from a point 

1 well upstream of the restriction to point 2 in the vena contracta of the jet immediately 

downstream of the restriction where the streamlines are parallel and the pressure across the duct 

may therefore be taken to be uniform: 
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assuming that the duct is horizontal. Combining with [2.1] gives 
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For a real flow through a restriction, the assumptions above do not hold completely. Further, we 

cannot easily measure the cross-sectional area of the jet at the vena contracta at cross-section 2 

where the streamlines are parallel. These errors in the idealised analysis are accounted for by 

introducing a single, cover all correction factor, the discharge coefficient, C, such that 

 & ( )m
CA

p pactual
t=

!

!

1

2
4 1 2

"

#   where  ! "
D

D

t

1

. [2.4] 

Dt and At are the diameter and area of the throat of the restriction respectively.

Ideally,
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(Bernoulli’s equation)
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Due to non-idealities:
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p
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where: � =

Dt
D1

, Dt and At are the diameter and area of the throat of the

restriction.
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C = discharge coe�cient

K ⌘ C

1� �4
= flow coe�cient
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The discharge coefficient is empirically determined. If the restriction conforms to a standard eg 

BS1042, then C may be found from the standard (see below). The main influences on C are the 

geometry of the restriction (β), the location of the pressure taps, and the Reynolds number Re. 

Note that Re is based upon the pipe diameter, not that of the restriction. 

 

For a given restriction, 

 C C
b

n
= +!

Re
       [2.5] 

where C!  is the value of C at highest Re, and b, n are constants, empirically determined. As Re 

increases, C becomes less sensitive to Re - the flow is increasingly turbulent and thus the velocity 

profile becomes flatter and flatter. 

 

The three main restriction devices are the orifice plate, Venturi meter and flow nozzle. 

 

 

Orifice Plate 

 

 

 

 

 

 

 
Figure 2.2. Tapping arrangements  

(Furness, 1989). 

Figure 2.3. Orifice profile  

(Furness, 1989) 

 

Orifice plates vary in the profile of the orifice and the location of the pressure taps. Figure 2.2 

shows the tapping arrangements covered by BS EN ISO 5167: flange taps, pipe taps (both D and 

D/2) or corner taps. Figure 2.3 shows a typical orifice, with a sharp, square edge on the upstream 

side. Installation of the plate back-to-front can introduce an error ∼20% in &m ! 

 

Older standards (BS 1042) give C as a (relatively) simple function of pipe Reynolds number Re 

and diameter ratio β, eg for corner taps, 
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The graph in Figure 2.4 shows this relation in terms of the flow coefficient, K
C

!

"1
4

#

 . 

The current standard BS EN ISO 5167-2 gives more accurate (but much longer) equations for C. 
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In summary, the principal advantages of the orifice plate are 

• it is simple and robust 

• standards are well established and comprehensive 

• plates are cheap 

• may be used on gases, liquids and wet mixtures (eg steam) 

 

Its principal drawbacks are 

• low dynamic range: &
max

m : &
min

m   only 4:1 at best (see tutorial 1) 

• performance changes with plate damage or build up of dirt. 

• affected by upstream swirl 

• large head loss 

 
Figure 2.4: Flow coefficients for orifice with corner taps. 

 

Venturi Meter 

 

The Venturi meter (after Giovanni Venturi, 1746−1822) is designed to cause minimal head loss 

as the flow passes the restriction. Figure 2.5 shows a typical arrangement. Like the orifice plate, 

the Venturi is dealt with by a British / ISO standard (BS EN ISO 5167-4) 

 

For a Venturi, C = 0.99 for 10
5
 < Re < 10

7
 is a useful approximation. BS EN ISO 5167-4 gives 

more accurate Figures for particular details of an installation (ranges of Re, β etc). 

 

The main advantages of the Venturi over the orifice plate are 

• low head loss 

• less affected by upstream flow disturbance 

• good performance at higher β 

• even more robust 

• self-cleaning  

• less affected by erosion 
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Figure 2.5: The Venturi meter (Furness, 1989) 

The disadvantages compared to the orifice are 

• occupies longer length of pipe 

• more expensive (manufacture and installation) 

 

Flow Nozzle 

 

In many respects, the flow nozzle is a compromise between the compact orifice plate and the 

efficient Venturi. There are two standardised designs - Figures 2.6 and 2.7. Flow nozzles have 

proved particularly suited to high velocity applications, eg steam metering. 

 

 
 

Figure 2.6: The ISA flow nozzle. 

(Furness, 1989). 

Figure 2.7: The ASME long radius nozzle 

(Furness, 1989) 

For the ASME nozzle (see BS EN ISO 5127-3) 
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Figure 2.8 shows this relation graphically. Figure 2.9 shows a comparison of permanent ie 

unrecovered head losses caused by the three designs of restriction flow meter that have been 

considered.  

C = 0.99 for 105 < Re < 107
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Venturi meter

tubo de Pitot 

Presión de 
impacto Presión Estática

Orifice plate

Obstruction-type

http://www.youtube.com/watch?
feature=player_detailpage&v=oUd4WxjoHKY
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CORIOLIS FLOWMETER

http://www.youtube.com/watch?
feature=player_detailpage&v=XIIViaNITIw
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THERMAL FLOW

http://www.youtube.com/watch?
feature=player_detailpage&v=XIIViaNITIw
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VORTEX FLOWMETER

http://www.youtube.com/watch?
feature=player_detailpage&v=GmTmDM7jHzA
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Example: Design an instrument to measure a flow from 20 to 
150 gal/min using an orifice plate system. The orifice plate is 
described by Bernoulli’s equation, with K=119.5(gal/min)/
psi½.  

The instrument should produce a 4-20mA signal 
proportional to the flow. The relationship between current 
and flow should be linear, with 4mA and 20mA 
corresponding to 20 gal/min and 150 gal/min, respectively.

Piezoresistive strain gages with GF=50 are attached to a 
diaphragm and are used to measure the pressure difference.
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Metro de flujo ultrasónico

Qv =
L

sin �

tUP � tDOWN

tUP ⇥ tDOWN

http://www.youtube.com/watch?
feature=player_detailpage&v=Bx2RnrfLkQg
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In summary, advantages of this class of meter include 

• inherent high accuracy and repeatability 

• good operational experience 

• high reliability 

• insensitive to upstream flow conditions 

• can perform well with viscous fluids 

• devices for liquid and gas flows 

 

Among the drawbacks are 

• high performance designs are expensive 

• unsuitable for use with dirty flows 

• pulsation introduced into out flow 

• applicable to uni-directional flows only 

• applicable over limited ranges of temperature and pressure. 

• head loss increases with flow rate and viscosity 

 

2.4  Rotary Inferential Flow Meters 

 

This class of meter are all basically small hydraulic turbines running at zero load. The rotary 

element rotates at an angular velocity which is proportional to flow rate. This rotation speed is 

monitored by mechanical means, or better, by magnetic or optical methods.  

 

The basic axial turbine flow meter is shown in exploded view in Figure 2.17. 

 

 

Figure 2.17: Construction of an Axial Turbine flow meter. 

 

The axial flow turbine has a bladed rotor running on bearings. The assembly is mounted on a 

central shaft, which is itself held by hanger assemblies up and downstream. A magnetic pick up 

senses the turbine blades as they pass, and the pulse frequency is the measure the flow rate. The 

total number of pulses recorded measures total volume passed. 

 

The driving torque of the fluid is resisted by mechanical bearing friction, fluid drag and magnetic 

drag, all of which effects vary with flow rate. The relation between flow rate and the rotation 

speed may be written 

Q K= .!  

where K is the meter factor which must be calibrated for a given meter.  

Q = Kω
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http://www.youtube.com/watch?
feature=player_detailpage&v=yYQrLVMDZy0

Electromagnetic flowmeter
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