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Flow meters range widely 1n their level of sophistication, size, cost,
accuracy, versatility, capacity, pressure drop, and the operating
principle.

Some flowmeters measure the flow rate directly by discharging and
recharging a measuring chamber of known volume continuously and
keeping track of the number of discharges per unit time. But most
flowmeters measure the flow rate indirectly—they measure the
average velocity V or a quantity that is related to average velocity such
as pressure and drag, and determine the volume flow rate from

V=VA_

where A4, 1s the cross-sectional area of flow.



Obstruction Flowmeters:
Orifice, Venturi, and Nozzle Meters

Discharge measurement using flow restrictions (for Internal Flows) is
widely used in industry. Restrictions include the orifice, nozzle and
Venturi tube. The idea is that the change in velocity leads to a change
in pressure. This Ap can be measured using a pressure gage (electronic
or mechanical) or a manometer, and the flow rate inferred using either a
theoretical analysis or an experimental correlation for the device. The
flow rate is obtained by detecting the difference in pressures upstream

and downstream of the device.




The Orifice Plate Flange taps

Figl. Orifice geometry and
pressure tap locations.
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The orifice plate, merely a flat plate with a hole, is inserted into a pipeline,
conventionally between flanges. The hole can be either sharp edged or
square edged. As the flow goes through the plate, it follows a streamline
pattern similar to that shown in Fig. Since its geometry 1s simple, it is low in
cost and easy to install or replace. The sharp edge of the orifice will not foul
with scale or suspended matter. However, suspended matter can build up at
the inlet side of a concentric orifice in a horizontal pipe; an eccentric orifice
may be placed flush with the bottom of the pipe to avoid this difficulty. The
primary disadvantages of the orifice are its limited capacity and the high
permanent_head loss caused by the uncontrolled expansion_downstream
from _the metering element. Downstream of the plate, the flow reaches a

point of minimum area called a vena contracta.

Pressure taps are located at two positions: upstream of the restriction in the
undisturbed flow region (location 1) and downstream at some location in the
vicinity of the vena contracta (location 2) where the streamlines are uniform
and parallel. The Bernoulli equation can be applied to points 1 & 2 to obtain
an expression relating flow rate to pressure drop. Although the area at point 2
(the vena contracta) is unknown, it can be expressed in terms of the orifice
area Ag



Ay = Crdp where C 1s called a contraction coefficient.

Assumptions: (1) Steady flow.
(2) Incompressible flow.
(3) Flow along a streamline.
(4) No friction.
(5) Uniform velocity at sections 1 and 2 .
(6) No streamline curvature at sections 1 or 2 , so
pressure 1s uniform across those sections.

(7) z;=1z,

Z Z
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Substituting (1b) into (1a) gives,

Solving for the theoretical velocity, V,,

The theoretical mass flow rate 1s then given by

M1 theoretical = PV2A2

non= ()]

Fz=
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2(pr —p2)
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Equation 1(d) shows that, under the set of assumptions, for a given fluid
(p) and flow meter geometry (A, and A,), the flow rate is directly
proportional to the square root of the pressure drop across the meter taps,

M theovetical =/ AP

which 1s the basic idea of these devices.



Another form: (when /4) * Z,, inclined pipe)

FE Vs

The Bernoulli equation: P1 +—=+4+z,= P2 +—=+ 2z,
Y 29 Y 29

Consider, hy= P1 P2

—— 4z and hx=—+z
y y

1 poy22 i
o hy + Eg = hy+ 2g (h, -h,) has been read from an attached

manometer or pressure transducer.
V% - Vi = 2g(hy — hy)

[r% V. — 2g(hy — hy)
V3 (1 — F) =2g(hy —h) o 7

V1 2
2 \ 1-"Y Vz)
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The actual discharge differs from the ideal for two primary reasons.
Because of real fluid flow, friction causes the velocity at the centerline
to be greater than the average velocity at each cross section. Second, the
piezometric head h, evaluated at the vena contracta in the relation, is
substituted with h,, the known reading at the downstream pressure tap.
Also, since the area of the vena contracta is unknown, it is convenient
in 2(b) to replace A, by C.A,, where C,_ 1s the contraction coefficient and
A, 1s the area of the orifice opening. Again, the relation between actual
velocity and theoretical velocity at vena contracta is given by

actual velocity at vena contracta
 theoretical velocity at vena contracta

ICy

where C, 1s the coefficient of velocity

So, the actual velocity at vena contracta is given by

2(py —p2)
P[l— (Azfdi)z]

_ 2(ps—p2) ’ 2(py —p2) \
FIII — 'EFJP[I . ['EEAJA‘I.P] Or, IFIEI- — EF P[l . cﬁiﬂﬂfﬂlj 2:!

Fromequ. 1(¢), v, ,=cy J




Also from equ. 2(a), [V2

2g(hy — h3)

«= v [1— cZ(Dy/Dy)?]

So, the actual flow rate 1s

given by

Q= Az X Vy,

2g(hy —h3)

=Cwiny =<is g

B 2g(hy—h;)
2= “-"’",‘ [1—a:§::n.,fn1}=]\

where C, 1s the coefficient of discharge = C,, x C

Q. =Cak+(hy—h;) Where h=ﬂuj

2g
[1 — CZ(Dyo/ ni}z]

Qu=kyV(hy—h3)  Where, k,=C, k

Also from (1),

Qs = Cady

2(py —

) The value of C, depends on both S

P[l — c?:{ﬂnf D 1.Fl

(ratio of orifice dia to pipe dia) and
the Reynolds number Re =V, D/v.




Flow coefficient, &Q
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Fig: Flow coefficients for concentric orifices with corner taps.



91.71
Orifice meters: Cy=0.5959 + 0.03128™" — 0.1848"° + anfsu

These relations are valid for 0.25 < £ < 0.75 and 104 < Re < 107. Precise
values of C, depend on the particular design of the obstruction, and thus the
manufacturer’s data should be consulted when available. For flows with
high Reynolds numbers (Re 30,000), the value of C, can be taken to be
0.61 for orifices.

Problem:

An orifice with a 2-in-diameter opening 1s used '

to measure the mass flow rate of water at 60°F . 1_“11: .
(p = 62.36 Ibm/ft? and p = 7.536 x107* Ibm/ft-s)

through a horizontal 4-in-diameter pipe. A
mercury manometer 1s used to measure the
pressure difference across the orifice. If the 6 in
differential height of the manometer is read to

be 6 in, determine the volume flow rate of water

through the pipe, the average velocity.




Solution:

Assumptions:

1. The flow 1s steady and incompressible.

2. The discharge coefficient of the orifice meter 1s C; = 0.61.

Take the density of mercury to be 847 Ibm/ft3.

The diameter ratio and the throat area of the orifice are
B=d/D=2/4=0350
Ay=ml” [4=m(2/121)" /4=0.02182ft

The pressure drop across the orifice plate can be expressed as
AP =P, =P, =(py, — p¢ )gh

Then the flow rate relation for obstruction meters becomes

: 2AB-PB) leﬂt{g—ﬂflﬁﬁ JE[PHE"' Pr—gh
V=AC =AC =AC
A Ty St YTy U S

Substituting, the flow rate 1s determined to be



2(847/62.36 —1)(32.2 fiss>)(6/12 fi)

. =0.277 ft’ls
1-0.50

¢ =(0.02182 fi? ][ﬂ--ﬁl}J

The average velocity in the pipe is determined by dividing the flow rate by
the cross-sectional area of the pipe,

V__V _ 02778 _4a0e

T A a4 m(al12fi)/4

|
¥




Venturi meter
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A venturi meter consists of a short converging conical tube leading to a
cylindrical portion, called the throat, of smaller diameter than that of the
pipeline, which 1s followed by a diverging section in which the diameter
increases again to that of the main pipeline. Its gradual contraction and
expansion_prevent flow separation_and swirling and gives excellent pressure
recovery; it suffers only frictional losses on the inner wall surfaces;
therefore, overall head loss is low. Venturi_meters are_also self-cleaning
because of their _smooth_internal contours. The pressure difference from
which the volume rate of flow can be determined is measured between the
entry section 1 and the throat section 2, often by means of a U-tube manometer
(as shown). The axis of the meter may be inclined at any angle. Venturi meters
are_heavy, bulky, and expensive. Basically a casting lined with a corrosion-
resistant material such as bronze, this device is placed directly in the flow line.

+ Assuming inviscid, and incompressible, steady flow and there is no loss
of energy, and the continuity equation between poimtsl and 2 are,

Q=A1Vi=4V| _______ (3a)

Because the area A, < 4,, the continuity equation predicts that V', < V.
In other words, the flow velocity must increase at the throat.



The Bernoulli equation for a frictionless flow through the meter 1s
2 2
V

P2 2
+r1+a="—"+24+m  — 3b
pe 28 pg 28 (3b)

Because V', < V,, then p, > p,; that 1s, a pressure drop exists in the
meter from upstream to the throat. Substituting from Equation (3b) for
velocity, Equation (3b) becomes, after rearranging,

n+plpg+vi/lg=n+plpg+vifg,
v —vi =2((p—p)ipg+ (@ —2)]

For continuous flow,

A
Q=A4Vi=4V §}|-= A_:Fz 5
P1 — P2 V; -V ‘
+(zg —25) =
pg (21~ 2 2g T
Py — P2 o\ w2z (A2, Y
Eg[ g + (z4 zz]']—ln"z ‘ In"z) Ak



2g Flp;pl +(z, — Iz:'] =V3 ’1 — (::—::)EI

--- (3¢)
The theoretical flow rate, Q, =A,V, ’
Pel(p —p2)/ps] + (21 — )} o
V 1 — {"" I';Az} Ap=p;—Ps
Noting that A, _D; 04 = 4y, |28UE1 —P2)/pg] + (1 — 2]} 3d
4, D2 1— (/D)) — Gd)

The manometer reading provides the pressure drop required in the
equation. From hydrostatics, we obtain the following for the manometer

of Fig.2: p1+ pgl(zs — 22) + k+ Ah] = p2 + pek + p_gAh

PP o —m=ARPm P pp(Pm 1)
pe P P

_ 4+ |28Ahip./p—1)
O =2y~ (03/D))

Substitution into Equation (3d) yields ---- (3e)




Thus, the theoretical flow rate through the meter 1s related to the
manometer reading in such a manner that the meter orientation i1s not
important; the same equation results whether the meter is horizontal,
inclined, or vertical.

Due to frictional effects that are not accounted for in the Bernoulli
equation, 0, is different from Q. The ratio of Q. to 0, 1s called the
venturl dlscharge coefficient, C;:

Q.
Cg =
Q:n
For each C, that can be determined, a corresponding upstream Reynolds
number can be calculated: - ViD, 40, D, Rer — 40,
'T Ty T @D wDyv

Owing to its streamlined design, the discharge coefficients of Venturi
meters_are very high, ranging between 0.95 and 0.99 (the higher
values are for the higher Reynolds numbers) for most flows. In the
absence of specific data, we can take C,= 0.98 for Venturi meters.




Problem:

A vertical Venturt meter equipped with
a differential pressure gage shown in
Fig. 1s used to measure the flow rate of
liquid propane at 10°C (p = 514.7
kg/m?) through an 8-cm-diameter
vertical pipe. For a discharge coefficient
of 0.98, determine the volume flow rate
of propane through the pipe.

Solution:

3 cm

[

% cm

AP=TkPa
3 cm @

Assumptions:  The flow 1s steady and incompressible.

Properties: The density of propane, p = 514.7 kg/m°.
The discharge coefficient of Venturi meter, C; = 0.98.



Analysis:  The diameter ratio f and the throat area of the meter are
f=d/D=5/8=0625
Ay =md” /4 =x(0.05m)* /4=0.001963m"

Noting that AP =7 kPa = 7000 N/m?, the flow rate becomes

Q
_a, 22l —p)/pgl + (@ —2)}|  [Cq=_—
Ca -*‘ﬂ/ i — (04/D}) o
, 2AR-F)
V=AC
ACa p(1-BY)
_ 2 2 % 7000 N/m” 1kg-m/s”
= {0.001963 m ]{HHEJJ(SI"LT kg,l’mglli{l_ﬂ‘ﬂ#][ IN )
=0.0109 m*/s

which is equivalent to 10.9 L/s. Also, the average flow velocity in the pipe 1s

_V_ v 00109m’/s
A aD*14  x(0.08m)’/4

V =217 mfs



Problem:

A venturimeter of 150 mm x 75 mm size is used to measure the flow rate of
oil having specific gravity of 0.9. The reading shown by the U tube
manometer connected to the venturimeter is 150 mm of mercury column.
Calculate the coefficient of discharge for the venturimeter 1f the flow rate 1s
1.7 m*/min. (Note : The size of venturimeter generally specified in terms of
inlet and throat diameters).

Solution: 3
Velocit V,= ,—E&AI nghm[_pm ~lland @ =V,x A,

CaAA, P 1]

Flow rate = 1 Jﬂgh“[__ 1

? JAZ — A N

|
Inlet area A= i 0.15% = 0.0177 m?,

Throat area A,=T x 0.075% = 0.00442 m’
4

Flow rate = (1.7/60) = 0.0283 m?/s, Substituting

0.0983 C,; x 0.0177 x 0.00442 sz anlx Mﬁ[laﬁ B ]
J0.0177% — 0.00442° 09

C, = 0.963



Flow nozzle
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It consists of a standardized shape with pressure taps typically located one
diameter upstream of the inlet and one-half diameter downstream. There
are two standard shapes, either the long radius or the short radius. Due to
the lack of an expansion section downstream of the nozzle, the total head
loss is _similar to that of an orifice, except that the vena contracta is
nearly eliminated and the discharge coefficient is nearly unity. The flow
nozzle has an_advantage over the orifice plate in_that it is less
susceptible to _erosion_and wear, and relative to the venturi meter, it is
less expensive and simpler to install.

As liquid passes through, a region of flow separation and reversal exists
just downstream, and this adds to the losses encountered in a flow nozzle.
The Bernoulli equation can be applied to the flow nozzle as was done for
the ventur1. The results are 1dentical for the theoretical flow rate. For the
flow nozzle, then, we get

’ zg{pl _PI} =ﬂ1 M(P.fﬂ T 1}
pg(1— Dy/Df) 1 —(D3/DY)

O =




Above equation gives the theoretical flow rate through the meter. Owing
to losses, however, the actual flow rate 1s less. We therefore introduce a
discharge coefficient for the nozzle defined as

. — ﬁ;m; For flows with high Reynolds numbers (Re 30,000), the
a Q. value of C, can be taken to be 0.96 for flow nozzles
6.53
Nozzle meters: Cy = 09975 — REE_"

These relations are valid for 0.25 < B < 0.75 and 10* < Re < 107.
Precise values of C, depend on the particular design of the obstruction,
and thus the manufacturer’s data should be consulted when available.
For flows with high Reynolds numbers (Re 30,000), the value of C,
can be taken to be 0.96 for flow nozzles.

Owing to its streamlined design, the discharge coefficients of Venturi
meters are very high, ranging between 0.95 and 0.99 (the higher values
are for the higher Reynolds numbers) for most flows. In the absence of
specific data, we can take C; = 0.98 for Ventur1 meters.



