Flow Measurements
Types of Flow:1-pipe/duct flow (P,#P,) any area;
2-open channel flow (P,=P,). For flow in pipe/
duct we may have any type of fluid: liquid/gas/

(1)
P1 =P

2) ) Open-channel flow,

(@) Pipe flow 0

multi-phase but we can not have gas/gas-liquid

mixture in open channel flow. More than 95% of el plete e Sl ‘.
flow measurements are for pipe/duct flow. Less ' BIAYVA 4| ot w““'

than 5% is for open channel flow(rivers, open - E / _ { |l |
gates, open-in tank, triangle/rectangular weirs..) \ X B B 4:_d T :

Point gage

é_, Point gage

Flow measurements are essential for all process control & practical engg systems.
Flow measurements must be made 1n chemical plants. refineries, power plants. and any other
place where the quality of the product or performance of the plant depends on having a precise
flow rate. Flow measurements also enter into our everyday lives in the metering of water and
natural gas into our homes and gasoline into our cars.

Flow-rate

Accuracy of measurement: some applications may need only crude data while
others require accurate/precise measurement such as in research projects &
control systems (e.g., water bill/cost depends on data of water-home meter &profits
of gas service station is related to accuracy of the gasoline pumps).

Press. Temp,

Note that: 1-cost & complexity of flow measurements

accuracy of results. 2-overall efficiency of flow-rate measuring devices will depend
on accuracy of some of associated measurements of pressure & temperature data.

is directly proportional to Q $
For custody transfer,
flow measurement
equals dollars.

(Good Flow Measurement Fluids) (Good fluids:)

1. Are not near flash point (for liquids) or condensing points (for gases)

2. Are clean fluids without other phases present, with a composition
whose PVT (pressure/volume/temperature) relationships are well doc-
umented with mdustry-acceptable data:

3. Are not exceptionally hot or cold since temperature may limit the abil-
ity to use certain mefers:

(Bad Flow Measurement Fluids)Bad fluids include)

1. Two or more phases in the flow stream: 2 Dirty mixtures:
. Flows near fluid critical points;

. Flows with temperatures over 120 or under 32°F:

. Highly corrosive or erosive fluids:

. Highly disturbed flows; 7. Pulsating flows:

. Flows that undergo chemical or mechanical changes:

)
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4. Have minimal corrosive, erosive, or depositing characteristics.

6
8
9. Highly viscous flows.
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MNany different tyvpes of mmeters are available for measureing flow
Proper selection reguires a full understanding of fluaid and imeter
characteristics relative to a specific mmeasunreiment job.

—_

Types of Flow Measurements/flow meters:
1-Acumulated/total Flow quantity, units of
volume (e.g., m3,ft3,Gallon, liters) at specific
conditions of Press. &Temp.(e.g., gas/water
home meters; conventional gasoline pumps
at car service stations).

2-Flow rate meters in units of m3/s, gpm,
ft3/min , cfm,..etc) or in units of mass/time.
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METER CHARACTERISTICS) Comparing Meters
Characteristics to be considered -when ewvaluating a meter include:
achievable uncertainty, comparative cost, use acceptance and specific use,
repeatability. maintenance costs. operating cost. few or no mowving parts,
Mmigeedness. service life. rangeability. stvle to meet fluid property problems.
pressure and temperatare ratings required. ease of installation and removal.
power required. pressure loss caused by meter (Tunning and stopped). and
how wwell calibration can be prowved.

No single meter will have all of the characteristics desired. but candi-
dates can be evaluated by going through such a list for each meter under
consideration and then deciding which ot the factors are of prime impor-
tance for the particular flow measurement problem. A procedure something
like the following mavw be helpinl:

5 : . ; diaphragm
1. List, for each candidate meter. the characteristics of importance. oty
2. Define how important each is by assigning a weighting factor (such as —
- . . ine
from 10 for very important to 0 for no importance). =
ornce

3. Assign a similar rating number to show how well the meter will per-

orm to meet specific needs of the application. 100 1,000 10,000 100,000 1,000,000
f I app cfin of natural gas at base conditions

4. Multiply the weight factor by performance factor, and add all totals. | arison of flow ranges for various gas flow meters.
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Engineers/operators must understand equipment&meas
urement is must for maximum effectiveness to the user
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: z 2 . [Maintenance of tubes & meters must be
Unstable/Bad flow control signals causes improper metering| done for accutate flow measurements




Typical gas sampling system.
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Volume Flow Meters

In many instances it is necessary to know the amount (volume or mass) of fluid that has
passed through a pipe during a given time period. rather than the instantaneous flowrate. For
example, we are interested in how many gallons of gasoline are pumped into the tank in our
car rather than the rate at which it flows into the tank. There are numerous quantity-measuring
devices that provide such information.

Positive-Displacement Meters: for gases or nonvolatile liquids ; highly accurate under steady flow conditions.
Operation of these units consists of separating liquids into accurately measured increments and moving them
on. Each segment is counted by a connecting register. Because every increment represents a discrete volume,
positive-displacement units are popular for automatic batching and accounting applications. Positive-
displacement meters are good candidates for measuring the flows of viscous liquids or for use where a simple

mechanical meter system is needed. Driveshaft to
Nutating disk flow meter. )/r;adout mechanism

Calibration gears ~

V8_7.mov Pln

Sphere

Metering
chamber

Nutating-disk meter

Inlet

Disk with
partition

e
Outlet

The nutating disk meter shown in Fig. is widely used to measure the net amount
water used in domestic and commercial water systems as well as the amount of gasoline

ol

dehivered to your gas tank. This meter contains only one essential moving part

tuvely inexpensive

and 1s rela-

¢ and accurate. Its operating principle 1s very simple, but it may be ditficult




Another quantity-measuring device that 1s used for gas flow measurements 1s the bel-
lows meter as shown in Fig. It contains a set of bellows that alternately fill and empty
as a result of pressure of the gas and motion of a set of inlet and outlet valves. The

common houschold natural gas meter is of this type. For each cycle [(a) through ()]
a known volume of gas passes through the meter.
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DIany types/sizes of
(<} metalic bellows
I Bellows-tyvpe flow meter. {(Courtesy of BT R —Rockwell Gas Products).
(a) Back case emiptying, back diaphragm filling. (/) Front diaphragm filling. front case empity-

ing. (c¢) Back case filling, back diaphragm emptying. (d) Front diaphragm empitying. front case
filling.




CONCENTRIC CONTROL ROLLER

Oscillating-piston meter operates on magnetic drive

) msToN | principle so that liquid will not come in contact with parts.
PISTON e O<cill- | A partition plate bet. Inlet & outlet ports forces incoming
ating liquid to flow around a cylinderical measuring chamber &
pis tom | through the outlet port. The motion of the oscillating piston
v " meter | in the unit is transferred to a magnetic assembly in the
measuring chamber which is coupled to follower magnet on
INLET PORT ST the other side of the chamber wall.

PARTITIOMN PLATE
Rotary-vane flow-meter

Inlet Outlet

Rotating
ecentric
drum

spring
loaded
vane

U\I'ﬂl Laar h“m

Rotary-vane meters are available in several designs, but they all
operate on the same principle. The basic unit consists of an
equally divided, rotating impeller (containing two or more
compartments) mounted inside the meter's housing. The impeller
is in continuous contact with the casing. A fixed volume of liquid
is swept to the meter's outlet from each compartment as the
impeller rotates. The revolutions of impeller are counted and
registered in volumetric units. Helix flowmeters consist of two
radically pitched helical rotors geared together, with a small
clearance between the rotors and the casing. The two rotors
displace liquid axially from one end of the chamber to the other

Inlet ImpellmfS

s

s Chamber

Oval-gear meters : have two
rotating, oval-shaped gears
with synchronized, close fitting
teeth. A fixed quantity of liquid
passes through the meter for
each revolution. Shaft rotation
can be monitored to obtain
specific flow rates.

Outlet
lobed-im pellcl flowmeter




Reciprocaling positive displacement melers

outlet
Inled

BiRoto Mater (Dbl Case)
Dtcilllting Piston Mater
@ @
Rotating Paddle Meter Sliding Vano Motor

MJ]U] types of positive displacement meters for hqm{ls]

[Advantages of PD meters]
L. Insensitive to upstream and downstream piping effects so that no o
minimum lengths are required:;

2. Operating prmetple straightforward, easy to understand;

3. Rangeability among highest of liquid and gas mefers avatlable with-
out loss of accuracy;

4. Even though valving and clearances require close tolerances, com-
merctally avarlable vnits are rugged and provide long and reliable
service on clean fluids or with lme filters; and

3. Simple to complex teadout systems available for simple flow equation.
(Disadvantages of PD meters:|
. Because of clearances required, pressure, temperature, and viscosity
ranges are limited and special care may be required for installation
(meter specifications m this regard vary between manufacturers and
should be exammed carefully);
). For larger sizes (above 10 inches), meters are large, heavy, and rela-
tively expensive;
8. Head loss can be high, particularly 1f the meter jams; protection from|
flow shutdown and pressure overrange may be required;
|, Filtration or stramers may be required for fluids containing foreign
particles to mmimize meter wear; and

. Maintenance costs are high on some larger meters; unit replacement 1
typical for smaller meters because of complexity and field-repatr cost.




Flow-Rate Measurement: it is instantaneous measurement of average flow-rate over a specified cross-
section or measurement of flow velocity at a point in the flow field (need to integrate velocity profile).
Meters include: Head/obstruction meters (Venturimeter, Orifice Plate, Nozzlemeter), Elbow-meters,Rota-
meter, Segmental Wedge, V-Cone, Pitot Tube, Magnetic Flow-meters, Turbine-meters,Ultrasonic-meters,
Hot Wire anemometer, Lazier Doppler anemometer (LDAN),....etc

Flow-Obstraction or Head meters: used for all D The i A jzsm e
types of single phase fluids; accurate for steady FREE oas . {@_
flow c01.1d1t10ns; depend on measuring AI?; o,A, 22r—p2) i Pa,To|Us
inexpensive; be used for automation if AP iS e — - |Qoce =CA; P(1—F% : B -1 pT
measured be electric transducer type . They use | ¥1 Lgrid N As
adiabatic, frictionless, incompressible eqn.( C: flow coefficient of mw/ I
., —_— — O [ r— - -
Bernoulli’s eqn., p,= p,=p ) as Shovlm in fig. "1 General one-dimensional flow system.
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three typical obstruction meters

three typical obstruction meters




Practical considerations for Obstruction meters:
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96" Vinyl ester fiberglass universal venturi tube
manufactured by Westfall Manufacturing Company for BIF. Pipe Size
96" S.S.Throat 60.9" Overall Length 186"

Discharge Coefficient for Venturi, C,

Discharge Coefficients for the Venturi tube shown; Values are for 0.25< < 0.75 and D >2in.
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Numbers on curves are upstream
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Approximate Venturi Coefficients for various throat diameters
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(Calibration of a Nozzle Flow Meter)

Objective: volumetric flowrate, @, of given fluid through a nozzle meter is proportional
to the square root of the pressure -_Iru:.rp across the meter. Thus. E?"ﬂ: Edg\[_ (P, — p)

Q = Kh'?, where K is the meter calibration constant and h is pl1— B4y
manometer reading that measures the pressure drop across the meter (see Fig. P3.102). The
purpose of this experiment i1s to determine the value of K for a given nozzle flow meter.

Equipment: Pipe with a nozzle flow meter: variable speed fan: exit nozzle o produce a
uniform jet of air; Pitot static tube; manometers; barometer: thermometer.

Experimental Procedure: Adjust the fan speed control to give the desired flowrate, Q.
Record the flow meter manometer reading. /i, and the Pitot tube manometer reading, H. Re-
peat the measurements for various fan settings (1.e.. flowrates). Record the nozzle exit di-
ameter, d. Record the barometer reading, H,,. in inches of mercury and the air temperature,
T, so that the air density can be calculated from the perfect gal law.

Calculations: For each fan setting determine the flowrate, Q@ = VA, where V and A are
the air velocity at the exit and the nozzle exit area, respectively. The velocity, V, can be de-
termined by using the Bernoulli equation and the Pitot tube manometer data, H

Graph: Plot flowrate. Q. as ordinates and flow meter manometer reading., h. as abscissas
on a log-log graph. Draw the best-fit stranght line with a slope of » through the data.
Results: Use vour data to determine the calibration constant, K, in the low meter equa-

tion @ = Kh'/~,
. (@)
Flow meter Pitot tube —_— vertiris, Compreissibie jlow)
maometer t manometer i Flow — N s e s e
-i! |11 Water \— @ S
] e 298Wp1—P2)
\. H b) Q Ega,, = YC,,AZ\/ 1
| Flow nozzles, CompiressiDie Jiom
{ . Y: expansion factor
Air a — ——— Pitot
0 B o v static @ 2) |o...—ve.a, [22%P1—P>
——— ] tum (c) act - T\I (l_ﬁ-l)
j T I Exit area = A Flow ' orficies, COMPTessiDie JTon)
\ ] Y: expansion factor
Mozzle flow meter Exit nozzle three typical obstrruction meters
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(l:alihratinn of an Orifice Meter and a Venturi h'lete:?l

Objective: Because of various real-world, nonideal conditions, neither orifice meters nor
Venturi meters operate exactly as predicted by a simple theoretical analysis. The purpose of
this experiment is 1o use the device shown to calibrate an orifice meter and a Venturi meter.
Eguipment: Water tank with sight gage, pump, Venturi meter, orifice meter, manomelers.
Experimental Procedure: Determine the pipe diameter. 2. and the throat diameter, .,
for the flow meters. Note that each meter has the same values of D and d. Make sure that the
tubes connecuing the manometers o the flow meters do not contaon any unwanted ar bubbles.
Thas can be venhed by noung that the manometer readings. f,. and fi,. are zero when the sys-
tem 1s full of water and the flowrate, ¢, 1s zero. Turm on the pump and adjust the valve o
give the desired Nowrate. Record the ume., r, it takes for a given volume, V., of water to be
pumped from the tank. The volume can be determained from using the sight gage on the tank.
Al thas fowrate record the manometer readings. Repeat for several different flowrates.
Calculations: For each data set determine the volumetric flowrate, Q = V/r, and the pres-
sure differences across each meter. Ap = v, 0, where y,, is the specific weight of the manome-
ter fluid. Use the flow meter equations (see Section 8.6.1) to determine the orifice discharge

=3

coclhicient., C,, and the Venturi discharge coefficient, C,, for these meters.

Graph: On a log-log graph. plot flowrate, ¢, as ordinates and pressure difference, Ap., as
abscissas.

Result: On the same graph, plot the ideal flowrate, Q4. as function of pressure difference
Data: To proceed, print this page for reference when yvou work the problem and cfick frere

Q.86

to bring up an EXCEL page with the data for this_problem

7 - Air - 4 I - 2 _Ii

--1----‘

. * — ] — 0.64 .I:: v, o= I
Fre —[=3 I g [
age R S S
E g — D* \ —_— 0.5

i flat
Pump T o Orifice meter | °-°5.0 ms = T —

Orifice meter discharge coefficient




Flow Measurement by Drag Effects

Rota-meter: most widely, use variable area flow meter. cross section area available to flow varies with flow rate.
Under (nearly) constant pressure drop, higher the volume flow rate, the higher flow path area. Variable-area meters,
often called rotameters, consist essentially of tapered tube and float. Although classified as differential pressure units,
they are, in reality, constant differential pressure devices. Flanged-end fittings provide an easy means for installing
them in pipes. When there is no liquid flow, the float rests freely at the bottom of the tube. As liquid enters bottom of
the tube, the float begins to rise. The position of the float varies directly with the flow rate. Its exact position is at the
point where the differential pressure between the upper and lower surfaces balance the weight of the float.

Tf.? (= K.y]
for incompressible
flow,p, = 2p¢

Float at large end of tub
indicates maximum flow

Position of edge of float
against scale gives
flowrate reading.

T“Tapered metering tube

Metering float is
freely suspendead
in process fluid.

Float at narrow end of tuk
indicates minimum flowra

fQ Rotameter-tyvpe flow meter.

EQUILIBRIVM

FLOAT

TAPERED
METERING
TUBE

Wi

-
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E?ﬂlihratiun of a Rﬂtameter]
Objective: The flowrate, Q. through a rotameter can be determined from the scale read-
img. SR. which indicates the vertical position of the float within the tapered tube of the ro-
tameter as shown in Fig. P7.75. Clearly, for a given scale reading, the flowrate depends on
the density of the Towing fluid. The purpose of this experiment is to calibrate a rotameter
s that 1t can be used for both water and air.

Equipment: Rotameter, air supply with a calibrated flow meter, water supply, weighing
scale., stop watch. thermometer, barometer.

Experimental Procedure: Connect the rotameter to the water supply and adjust the
MNMowrate, Q. 1o the desired value. Record the scale reading. SR. on the rotameter and mea-
sure the flowrate by collecting a given weight, W, of water that passes through the rotame-
ter 1in a given ume, . Repeat tor several flow rates.

Connect the rotameter to the air supply and adjust the flowrate to the desired value as
indicated by the flow meter. Record the scale reading on the rotameter. Repeat for several
NMowrates. Record the barometer reading., H ... in inches of mercury and the air temperature,
T. so that the air density can be calculated by use of the perfect gas law.

Calculations: For the water portion of the expenment, use the weight, W, and ume, &,
data to determine the volumetric flowrate, @ = W/yr. The equilibrium position of the float
is a result of a balance between the fluid drag force on the float, the weight of the float. and
the buoyant force on the float. Thus, a typical dimensionless flowrate can be written as
Q/[d(p/Ve(py — 2))Y?]. where d is the diameter of the float, V is the volume of the float. g
is the acceleration of gravity. p is the fluid density, and pg is the float density. Determine this
dimensionless Nowrate for each condition tested.

Graph: On a single graph. plot the flowrate., . as ordinates and scale reading., SR, as ab-
scissas for both the water and air data.

Results: On another graph. plot the dimensionless flowrate as a function of scale reading
for both the water and air data. Note that the scale reading 15 a percent of full scale and,
hence. 1s a dimensionless quantity. Based on your results, comment on the usefulness of di-
mensional analysis.

Data: To proceed. print this page for reference when you waork the problem and click lrere
to bring up an EXCEL page with the data for this problem.




Turbine-meter: has a wide spread usage for an accurate liquid
measurements. Rotational speed is direct function of flow rate
and sensed by magnetic pick-up, photoelectric cell, or gears.
Electrical pulses can be counted and totalized. The Number of
electric pulses counted for given period of time is proportional
to flow rate. Tachometer can be used to measure turbine's
speed to determine flow rate. Turbine meters, when properly
specified and installed, have good accuracy, particularly with
low-viscosity liquids. A major concern with turbine meters is
bearing wear. A "bearing-less" design has been developed to

lurbine Flowmeter
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avoid this problem. Liquid entering meter travels through the
spiraling vanes of stator that imparts rotation to liquid stream
that acts on sphere, causing it to orbit in space between 15t
stator and similarly spiraled 2"d stator. Orbiting movement of
sphere is detected electronically. Frequency of pulse output is
proportional to flow rate.
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Calibration curve for 1-in Turbine flowmeter with water flow
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Elbow meters: _if a liquid travels in a circular
path, centrifugal force exerted along outer
edges. Thus, when liquid flows through pipe
elbow, force on the elbow's interior surface is
proportional to the density of the liquid times
square of its velocity. In addition, the force is
inversely proportional to the elbow's radius.
As the fluid passes through the pipe elbow,thﬁ
pressure at outside radius of elbow increases
due to the centrifugal force. The pressure tap:

Low
Pressure

Tap

Outer elbow pressure @p \

Flow direction

Inner elbow pressuer tap

L~

?Flow direction

<

22.5 or 45 degrees will generate reproducible
measurement. The taps located at angles > 45°

located at the outside & inside of the elbow at /

direct on

Upstream pressure tap

Downstream pressure tap

w\ed<‘ \

are not recommended as flow separation may L___V—JL*
cause erratic readings. g :'
Floaws

Flow! direction

-.- — - e - : i -..
Segmental Wedge: it consisted of a wedge-
shaped segment is inserted perpendicularly '}

into one side of the pipe while the other side

remains unrestricted. The change in cross
section area of the flow path creates pressure

Upstream pressure tap

N

Downstream pressure sensor

e

drops used to calculate flow velocities.

J
TT77

V-Cone meter : A cone shaped obstructing
element that serves as the cross section

Flow direcion

modifier is placed at the center of the pipe for
calculating flow velocities by measuring the

L il
7777 |z

. Flow ﬂirﬂnn

\J-C.one

pressure differential.
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Target meters sense&measure forces caused by liquid impacting on a target or drag-disk suspended in
the liquid stream. A direct indication of liquid flow rate is achieved by measuring force exerted on
target. In its simplest form, the meter consists only of a hinged, swinging plate that moves outward,
along with the liquid stream. In such cases, the device serves as a flow indicator. A more sophisticated
version uses a precision, low-level force transducer sensing element. The force of the target caused by
the liquid flow is sensed by a strain gage. The output signal from the gage is indicative of the flow rate.
Target meters are useful for measuring flows of dirty or corrosive liquids.

Vortex meters make use of a
natural phenomenon that occurs if
liquid flows a around bluff object.
The eddies or the vortices are shed
alternately downstream of the object.
Frequency of vortex shedding is
directly proportional to velocity of
the liquid flowing through the meter,
Fig. 6. There components of flow
meter are bluff body strut-mounted
across flow meter bore, a sensor to
detect the presence of vortex and to
generate electrical impulse,& signal
amplification and the conditioning

FLOW
ELEMENT

PIFE WALL

transmitter whose output is in direct
proportional to flow rate, Fig. 7. The
meter is equally suitable for flow rate
or flow totalization measurements.
Use for slurries or high viscosity
liquids is not recommended.

Figure &: Yortex meters opearate on the
principle that when a nonsmearnlined object 1=
lm:-a-:flmﬂ'nam-:ldl&-:-faﬂ-:-w STeAT(L, A SaTies
D&Ev-:-tll'u-:.ﬁ aTe Eil:ua-:l alt&rrmt%lﬂlgnwrﬁtraarn of
object. The frequency o vortex sheddinge
1= directly proportional to the welocaty
of the liguwd flowinge in the pipeline




Figure 7 : Yortex Flowrmoeter 1=

desirned to be installed directl

into pipelines without the

for special tools or coroplicated
Hon procedures. Tnat 1=

precalibrated and ready for use.
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Velocity Meters : These instruments operate linearly with respect to volume flow rate.
Because there is no square-root relationship (as with differential pressure devices), their \Pmmum or fungsten
rangeability is greater. Velocity meters have minimum sensitivity to viscosity changes
when used at Reynolds numbers above 10,000. Most velocity-type meter housings are

equipped with flanges or fittings to permit them to be connected directly into pipelines..

Hot-wire made by

Typical
Hot-wire
anemometer

Hot-Wire & Hot-Film Anemometers: used in research applications to study turbulence. The Hot- Ny
Wire Anemometer is the most well known thermal anemometer, and measures a fluid velocity
by noting the heat convected away by the fluid. The core of the anemometer is an exposed hot
wire either heated up by a constant current or maintained at a constant temperature (refer to
the schematic below). In either case, the heat lost to fluid convection is a function of the fluid

velocity. By measuring the change in wire temperature under constant current or the current
required to maintain a constant wire temperature, the heat lost can be obtained. The heat lost

can then be converted into a fluid velocity in accordance with convective theory .
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(1 : metalic leg holder
- b :epoxy coating
¢ :gold bonding for elec.&mech.connec.

d :electroplated gold layer, Spm thick

¢ : platinum or tungsten filim or layer

f:uutﬂ‘ coating  g: glass tube, 25-100 M1
C diameter
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Construction of typical fot-film probe
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Hot-Wire

Heat transfer to the wire is g, where

q=(a+bU)(T,-T,)

for CTA circuit, we have: (q‘ = A+ B Uﬂ-ﬂ;

we get A & B from experimental calibration

Heating current from CTA circuit is found as:

q=1, R, =1L °R,[1+= (T, — T,)] = f(L,)

So for the CTA circuit, we have:
(ECTA =A+B UOS]
Hot Wire CTA equation to get U

Potentiometer

B

R, E




Further Information

Typically, anemometer wire is made of platinum or tungsten andis ,_

4~ 10 um diameter& 1 mm length. Typical commercially available hot-fiim
hot-wire anemometers have a flat frequency response (< 3 dB) up

to 17kHz at average velocity 9.1 m/s, 30 kHz at 30.5 m/s, or S0 kHz  ___»
at 91 m/s. Due to tiny size of wire, it is fragile & thus suitable only

for clean gas flows. In liquid flow or rugged gas flow, a platinum

hot-film coated on a 25 ~ 150 mm diameter quartz fiber or hollow

glass tube can be used instead, as shown in schematic. Another Cooling water or coolant fow throuak

3 L3 L h
alternative is a pyrex glass wedge coated with a thin platinum hot- rrvexs Si

film at the edge tip, as shown schematically below. Platinum -
Pros: Excellent spatial resolution, High frequency response, hot-film h
10 kHz (up to 400 kHz). X-wire can be used to measure u & v.

Cons: Fragile, can be used only in clean gas flows, Needs to be

recalibrated frequently due to dust accumulation (unless the flow | /
is very CIean)a High cost. Silver-plated lead wire attachment

Hollow glass tube
or quartz fiber

—U

u(t)=u+1; (x— component) 17 1 f@
ey " (D) =J(@*)=]=] a*dt — T
v(t) =7 +7; (y— component) Pk Upms (£) =V (1 [T I . ] Jﬁi—ﬁ::"_"",;—:‘ﬁ-r' Hot Wire MAF Sensor
_ . /"/'#_ - W
w(t)=w +Ww; (z— component) e 7| /jﬁ%
| | Timet| \ N ="

Turbulent fluctuations in direction of flow == O




Magnetic Flowmeters: useful to measure conductive liquids or
slurries. Due to the material conductivity they require for
operation, they are not used in petroleum industry for measuring
hydrocarbons. The operation of magnetic meters is based on

Faraday's law of electromagnetic induction. Magnetic meters can [

detect flow of conductive fluids only. Early designs required a
minimum fluidic conductivity of 1-5 micro siemens/centimeter
for operation. Newer designs have reduced requirement
hundredfold to between 0.05 &0.1. Magnetic meter consists of
non-magnetic pipe lined with insulating material. A pair of
magnetic coils is situated as shown, and pair of electrodes
penetrates pipe and its lining. If a conductive fluid flows through
pipe of diameter(D) through magnetic field density (B) generated
by the coils, amount of voltage (E) developed across electrodes--
as Faraday's law--will be proportional to the velocity (V) of
liquid. Because magnetic field density&pipe diameter are fixed
values, they can be combined into calibration factor (K) and the
equation reduces to: £E=KYV

E=
Magneticfield  [BLux1(’

flux density,Gauss Vit

B L: length of
conductor.cim

Elements of electromagnetic flow meter

Velocity differences at different points of flow profile are compensated for by a signal-weighing factor.
Compensation is provided by shaping magnetic coils such that magnetic flux will be greatest where signal
weighing factor is lowest, and vice versa. Manufacturers determine each magmeter's K factor by water
calibration of each flowtube. The K value thus obtained is valid for any other conductive liquid and is linear
over the entire flowmeter range. For this reason, flowtubes are usually calibrated at only one velocity.
Magmeters can measure flow in both directions, as reversing direction will change the polarity but not the
magnitude of the signal. The K value obtained by water testing might not be valid for non-Newtonian fluids
(with velocity-dependent viscosity) or magnetic slurries (those containing magnetic particles). These types of
fluids can affect the density of the magnetic field in the tube. In-line calibration and special compensating

designs should be considered for both of these fluids.




Advantages of electromagnetic fmeters: can measure difficult and corrosive liquids and slurries; and can measure
forward as well as reverse flow with equal accuracy. Disadvantages of earlier designs high power consumption, and
the need to obtain a full pipe and no flow to initially set meter to zero. Recent improvements have eliminated these
problems. Pulse-type excitation techniques have reduced power consumption, because excitation occurs only half the

time in the unit. Zero settings are no longer required. ELECTROMAGNETHC HOLSING
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Commercial magnetic flowmeter
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(Ultrasonic Meters| category contains a number of different designs for
measuring an average velocity in a flowing system. They are all based on
an ultrasonic signal being changed by or reflected from the flowing stream
velocity. Meter accuracy relates to the ability of the system to represent the
average velocity over the whole stream passing through the meter body’s

hydraulic area. This ability affects installation requirements and accuracy of
results obtained.

(Dopplers| two main types of ultrasonic meters are Doppler frequency shift

land the transit-time change. The Doppler meter 1s used on liquids and gases
with some types of entrained particles that are traveling at the same speed
as main body of flow. The ultrasonic signal 1s reflected from these travel-
ing particles across stream. and the shift in frequency is related to the aver-
age velocity of these particles over time. Meters are made in several types:
one type requires installation of transducers into the flowing stream. the
other is a strap-on model that can be installed without shutting down the
flow stream.
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Each transducer alternately acts
as alransmitter and receiver.
Transit-time ultrasonic meter.

] Doppler raeters use sound pulse reflection pnncipleto ressure
liquid flow rates, Solids or bubbles in suspecsion inthe liquid reflect the
sound back to the recsiving tracsducer elennent.
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ransducers in multipath ultrasonic meter
are mounted so that sound travel path
crosses pipe body at set angle. Four pairs

—(transducers are used for high accuracy

with many flow profiles.




Ultrasonic flowmeters can be divided into Doppler meters & time-of-travel (or transit) meters. Doppler meters
measure frequency shifts caused by liquid flow. Two transducers are mounted in case attached to one side of
pipe. A signal of known frequency is sent into liquid to be measured. Solids, bubbles, or any discontinuity in
liquid, cause pulse to be reflected to receiver element. Because liquid causing reflection is moving, frequency of
returned pulse is shifted. The frequency shift is proportional to the liquid's velocity. A portable Doppler meter
capable of being operated on AC power or from a rechargeable power pack has recently been developed. The
sensing heads are simply clamped to outside of the pipe, and the instrument is ready to be used. Total weight,
including the case, is 22 Ib. A set of 4 to 20 millampere output terminals permits unit to be connected to a strip
chart recorder or other remote device. Time-of-travel meters have transducers mounted on each side of the
pipe. The configuration is such that the sound waves traveling between the devices are at a 45 deg. angle to the
direction of liquid flow. The speed of the signal traveling between the transducers increases or decreases with
the direction of transmission and the velocity of the liquid being measured. A time-differential relationship
proportional to the flow can be obtained by transmitting the signal alternately in both directions. A limitation
of time-of-travel meters is that the liquids being measured must be relatively free of entrained gas or solids to
minimize signal scattering and absorption.

Transir- Time Uftrasonic AMeters

A transit-timme unit 1s mstalled directly into the flowing strearmm and can be
made with single or multiple transducers for establishing average velocity.
These units can be used onn liguids or gas. although the large majority of
mpeline applications are for gas. The multiple transducer unats can handle
welocity profile distortions so that installation requirements are reduced. But
meter complexity (1.e.. cost) goes up because ot the multiple transducer units
and the more complex electronics reguired to compute average velocity and
flow. Some manufacturers offer spool piece single and multiple path meters
plus imsertion (“"hot tap™) types for surface or underground installation.

The multipath meter uses transducers set at an angle to the flow axis. In
one company s four-path design. each transducer 11 a pair functions alter-
nately as transmaitter and receirver over the same path length. When eqgua-
tions for transit fimes ““upstream™ and ““downstreammn’™ are used to determine
mean transit time. the speed of sound 1 the mediuvmm ““drops ouwut.™
Consequently. gas velocity through the meter can be determined from onlwy
transit fiimes and phvsical dimensions of the spool piece.




Pitot tubes: sense two pressures simultaneously,
impact and static. The impact unit consists of a
tube with one end bent at right angles toward

flow direction. Static tube's end is closed, but a |/

small slot is located in side of unit. The tubes
can be mounted separately in a pipe or
combined in a single casing. Pitot tubes are
generally installed by welding coupling on pipe
and inserting probe through coupling. Use of
most pitot tubes is limited to single point
measurements. Units are susceptible to
plugging by foreign material in liquid.
Advantages of pitot tubes are low cost, absence
of moving parts, easy installation, and
minimum pressure drop.
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Pitot tubes are most used & cheapest ways to
measure velocity, especially air applications as
ventilation and HVAC systems, even used in
airplanes for the speed measurement. Pitot tube
measures velocity by converting Kinetic energy
of flow into potential energy. Use of pitot tube is
restricted to point measuring (0=0, it must be in
direction of U ). With annubar or multi-orifice
pitot probe, dynamic press. is measured across
the velocity profile, and annubar obtains
averaging effect. A probe with open tip (Pitot
tube) is inserted into flow field. The tip is
stationary (zero velocity) point of flow. Its
pressure, compared to static pressure, is used to
calculate flow velocity. Pitot tubes can measure
flow velocity at the point of measurement.
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Errors in calculating Stagnation Pressure (compressibilty effects):

%J

=stagnation pressure

tween the incompressible and compressible results.

Stagnation point Stagnation streamline

V2=0
B FIGURE 6.2
B, = P+V2;gf ) Stagnation points on
bodies in flowing fluids.

=local static pressure Stagnation point ¥2=0

’WL r.:una.ln:lu,r the stagnation poimnt flow of figure 6.2

to illustrate the difference be-

1

2 — k— 1 =1
P2 — P _ [(| + TMJ]) — I:| (compressible)

where (1) denotes the upstream conditions and (2) the stagnation conditions. We have as-

sumed z; = z,. V> = (), and have denoted Ma, = V,/c, as the upstream Mach number—ithg
ratio of the fluid velocity to the speed of sound. ¢, = VERT,.

Since Ma, = V,/"VART, this can be written as

2,

P2 — P kMay

£ 2

= ——— (incompressible)

A comparison between this compressible result and the incompressible result is per-

haps most easily seen it we write the incompressible flow result in terms of the pressure ratio

and the Mach number. Thus. we divide each term in the Bernoulli equation, pVi/2 + p, = p,.
-}

by p, and use the perfect gas law, p, = pRT,. to obtain P2 _ Vi

. 2RT,

binomial expansion, (1 + &)Y = 1 + ng + n(n —

|} 2#,.-’”.:- 4 e

In the low-speed limit of Ma,;, — 0. both ot the results are the same.
This can be seen by denoting (kK — 1)Ma7/2 = & and using the

3 + — May +

to write P2 — P 4% B (I 1 . 2 — k
£ < 4 24

Ma7




For Ma,<1 compressible flow result agrees with incompressible flow. The incompressible &
compressible equations agree to within about 2% up to a Mach number of approximately
Ma, = 0.3. For larger Mach numbers the disagreement between the two results increases.

pressible provided the Mach number is less than about 0.3. In standard air (T} =288 K,
¢; = VKRT, = 340w's ) this corresponds to aspeed of V, = ¢;Ma, = 0.3( 340 nvs )=102 my's
=367.2 kmvhr. At higher speeds, compressibility may become important,

0.3 7
Compressible !
~

0.2
:;: = "\ Incompressible
= i 13 N

oL Thus, a “rule of

k=1.4a
(9] ==
o] 0.2 04 pMa, 06 0.8

Pressure ratio as function of Mach number for comp—
ressible (isentropic) flow and incomupressible flow .

thumb™ 1s that the flow of a perfect gas may be considered as incom-
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The Laser Doppler Anemometer (LDA) measurements: is device offers optical & non-disturbing flow
field method for very precise &quantitative measurement of velocities of non-obaque clean gases. LDA
is capable of rapid response&is suited for measurement of high-frequency turbulent fluctuations. Laser
beam is focused on small-volume element in the flow through lenses. Flow has to contain some type of
very small particles (called seeding) to scatter the light, but the particles concentration required is very
small & should have no effect on flow field. Optical arrangements are made (as seen) so that scattered
light, at small-volume element, experiences a Doppler shift in frequency is directly proportional to flow
velocity. Un-scattered portion of beam is reduced in intensity by neutral density filter & recombined
with scattered beam through beam splitter. LDA device must be so constructed that direct & scattered
beams travel same optical path so that an interference will be observed at photomultiplier tube that is
proportional to frequency shift. This shift then gives an indication of the flow velocity. In order to
retrieve the velocity data from the photomultiplier signal, very sophisticated electronic techniques must
be employed for signal processing. A spectrum analyzer may be used to determine velocity in steady
laminar flow as well as mean velocity & turbulence intensity in turbulent flows.
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Mass Flowmeters: need for more accurate measurement in mass-related processes(chemical reactions, etc) has
resulted in developing mass flowmeters. Many designs are available, but most commonly used for liquid flow
applications is Coriolis meter. Its operation is based on natural phenomenon called Coriolis force, hence name.
Coriolis meters: are true mass meters that measure mass rate of flow directly as opposed to volumetric flow.
Because mass does not change, meter is linear without having be adjusted for variations in liquid properties. It
also eliminates need to compensate for changing temperature and pressure conditions. The meter is especially
useful for measuring liquids whose viscosity varies with velocity at given temperatures and pressures.

Coriolis meters are available

in various designs. Popular unit __._~-'.'.'3:"'T'— ;..-'"3— —— o Fice
consists of U-shaped flow tube | _——~ =l —

: ; [l = —— x’ — ——
enclosed in sensor housing con- - . __—-—"\‘ —— _}
nected to an electronics unit. “"—-m__:"--ﬁ____ _,_;' —~— ___—--"
Sensing unit can be installed i _____/ R

. : N —— AUD FORCES REACTING TO
directly .lnto afly process. The ~emp - YIBRATION OF FLOW TUBE
electronics unit can be located T
up to 500 feet from the sensor. — -_—_'___'-‘::‘_" | Pt
Inside the sensor housing, the T -+ T AT

. e W "'“f |l s~ - T - EMD ¥YIEW OF FLIOW TUBE
U-shaped flow tube is vibrated Ar3aLe o SHOWNWMNG TWIET

at its natural frequency by a
magnetic device located at the
bend of the tube.

_ vabrating, U-shaped flow tube 1s hezet ofpopulze Conolis tazss flowraeter
Tube vibration, coupled with the fluid's forcs, causes tube defletiontha
is directly proportional to the razss flow rate

Vibration is similar to that of tuning fork, covering less than 0.1in. &completing full cycle about 80 times/sec. As liquid
flows through tube, it is forced to take on vertical movement of tube. When tube is moving upward during half of its
cycle, liquid flowing into meter resists being forced up by pushing down on tube. Having been forced upward, liquid
flowing out of the meter resists having its vertical motion decreased by pushing up on the tube. This action causes the
tube to twist. When the tube is moving downward during the second half of its vibration cycle, it twists in the opposite
direction. The ammount of twist is directly proportional to the mass flow rate of the liquid flowing through the tube.
Magnetic sensors located on each side of the flow tube measure the tube velocities, which change as the tube twists.
The sensors feed this information to the electronics unit, where it is processed and converted to a voltage proportional
to mass flow rate. The meter has a wide range of applications from adhesives and coatings to liquid nitrogen




Open Channel Meters :refers to any conduit in which liquid flows with a free surface. Included are tunnels,
nonpressurized sewers, partially filled pipes, canals, streams, and rivers. Of the many techniques available for
monitoring open-channel flows, depth-related methods are the most common. These techniques presume that
the instantaneous flow rate may be determined from a measurement of the water depth, or head. Weirs and
flumes are the oldest and most widely used primary devices for measuring open-channel flows.

Weirs: operate on principle that obstruction in channel will cause water to back up, creating a high level
(head) behind barrier. Head is function of flow velocity & the flow rate through the device. Weirs consist
of vertical plates with sharp crests. The top of the plate can be straight or notched. Weirs are classified in
accordance with the shape of the notch. The basic types are V-notch, rectangular, and trapezoidal.
Flumes: are generally used when head loss must be kept to a minimum, or if the flowing liquid contains
large amounts of suspended solids. Flumes are to open channels what venturi tubes are to closed pipes.
Popular flumes are the Parshall and Palmer-Bowlus designs. The Parshall flume consists of a
converging upstream section, a throat, and a diverging downstream section. Flume walls are vertical
and the floor of the throat is inclined downward. Head loss through Parshall flumes is lower than for
other types of open-channel flow measuring devices. High flow velocities help make the flume self-
cleaning. Flow can be measured accurately under a wide range of conditions. Palmer-Bowlus flumes
have a trapezoidal throat of uniform cross section and a length about equal to the diameter of the pipe
in which it is installed. It is comparable to a Parshall flume in accuracy and in ability to pass debris
without cleaning. A principal advantage is the comparative ease with which it can be installed in
existing circular conduits, because a rectangular approach section is not required.

Discharge through weirs and flumes is a function of level, so level measurement techniques must be used with the
equipment to determine flow rates. Staff gages and float-operated units are the simplest devices used for this purpose.
Various electronic sensing, totalizing, and recording systems are also available. A more recent development consists of
using ultrasonic pulses to measure liquid levels. Measurements are made by sending sound pulses from a sensor to the
surface of the liquid, and timing the echo return. Linearizing circuitry converts the height of the liquid into flow rate.
A strip chart recorder logs the flow rate, and a digital totalizer registers the total gallons. Another recently introduced
microprocessor-based system uses either ultrasonic or float sensors. A key-pad with an interactive liquid crystal
display simplifies programming, control, and calibration tasks.




Water Measurement Demo Flume- weirs, submerged orifices, vortex meters, transit time pipe flow
meters, flow measurement flumes.Velocity Measurement Devices- ADCP, transit time open channel
flow meter, ADV, ADFM, electromagnetic velocity meter, propeller velocity meter.




(Calibration of a Triangular Weir)
Objective:  The flowrate over a weir is a function of the weir head. The purpose of this
experiment 18 o use a device as shown i Fig. P10.98 to calibrate a triangular weir and ded
termine the relationship between flowrate, 0, and weir head, H.

Equipment:  Water channel (flume) with a pump and a flow control valve; triangular weir]
[loat; point gage; stop watch.
cxperimental Procedure:  Measure the width, b, of the channel, the distance, P, bed
(ween the channel bottom and the bottom of the V-notch in the weir plate, and the angle, 6]
of the Vnoteh, Fasten the weir plate o the channel bottom, turn on the pump, and adjust the
control valve to produce the desired flowrate, Q, over the weir. Use the point gage to mead
sure the weir head, H. Insert the float into the water well upstream from the weir and mea-

sure the time, 1, it takes for the float to travel a known distance, L. Repeat the measurements water well upstream from the weir and measure the time, ¢, it takes for the float to travel a

for various flowrates (1.¢.. various weir heads),

(Calibration of a Rectangular Weir]

Objective:  The flowrate over a weir is a function of the weir head. The purpose of this
experiment is to use a device as shown in Fig. P10.99 to calibrate a rectangular weir and de-
termine the relationship between flowrate, ¢, and weir head, H.

Equipment:  Water channel (flume) with a pump and a flow control valve; rectangular
weir; float; point gage; stop watch,

Experimental Procedure:  Measure the widih, b, of the channel and the distance, P,
between the channel bottom and the top of the weir plate, Fasten the weir plate (o the chan-
nel bottom, twrn on the pump, and adjust the control valve to produce the desired flowrate,
(). over the weir. Use the pomnt gage to measure the weir head. H. Insert the float into the

known distance, L. Repeat the measurements for various flowrates (1.¢., various weir heads),

Calculations:  For each set of data, determine the experimental flowrate as Q = VA, where
V = L/t1s the velocity of the foat (assumed to be equal to the average velocity of the water
upstream of the weir) and A = b(P,, + H) is the flow area upstream of the weir.

Graph:  On log-log graph paper, plot flowrate, Q. as ordinates and weir head, H, as ab
scissas, Draw the best-fit line with a slope of 5/2 through the data,

Results:  Use the flowrate-weir head data to determine the triangular weir coefficient, C,,
for this weir (see Eq. 10.32). For this experiment, assume that the weir coefficient 15 a con
stant, independent of weir head,

Data:  To proceed, print this page for reference when you work the problem and elick her
o bring up an EXCEL page with the data for this problem.

lto bring up an EXCEL page with the data for this problem.

Calculations:  For each set of data, determine the experimental flowrate as 0 = VA, where
V = L/tis the velocity of the float (assumed to be equal to the average velocity of the water
upstream of the weir) and A = b(P, + H) is the flow area upstream of the weir.

Graph:  On log-log graph paper, plot flowrate, (. as ordinates and weir head, H, as ab-
scissas, Draw the best-fit line with a slope of 3/2 through the data.

Results:  Use the flowrate-weir head data to determine the rectangular weir coefficient,
C,. for this weir (see Eq. 10.30). For this experiment, assume that the weir coefficient is a
onstant, independent of weir head.

Data:  To proceed, print this page for reference when you work the problem and click her
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