Flow and Flow rate.

Turbulent flow: chaotic
phenomena (whorls,
eddies, vortices)
Flow in a capillary described
by Pouiselle’s law.(But
beware: only valid for laminar

Slow)

Laminar flow: smooth,
orderly and regular

Mechanical sensors have inertia,
which can integrate out small
variations due to turbulence

This begs the question: what makes flow laminar or turbulent?

Laminar and Turbulent flow

Laminar flow is characterised by :

D * smooth flow lines
« all fluid velocity in same direction

;’ « flow velocity is zero at tube walls
A « flow speed increases closer to tube

Iz center

Reynolds Number.

popPrP
7,

p is the fluid density (kg/m?)
L | V is the mean fluid velocity (m/s)
D is the capillary/pipe diameter (m)

Reynold’s Number R

Where

W is the viscosity of the fluid (Ns/m?)

R > 4000, flow is turbulent

R <2000, flow is laminar

Flow Sensors

Many sensors measure flow rate.

Mass flow rate: mass transferred per unit time (kg/s)

Volumetric flow rate: volume of material per unit time
(m¥/s)

In gas systems, mass and volume rates are expressed in volume flow.
Mass flow referenced to STP (standard temperature and pressure)

and converted to equivalent volume flow (eg sccm = standard cubic
centimetres per minute)

Thermal flow Sensor

Cooling of resistive element by
fluid flow is measured by
Voltmeter

_,\ =, Constant
\ Current
(‘_’/ @

Hot wire anenometer:

Resisitive
Wire

Mass Flow controllers  * Usestwo

thermometers which
supply heat to the gas as
well as measuring

HEATED RESISTANCE
?52;5%3557’35“““ THERMOMETER temperature
fuesTREAW [DOWNSTREAM * The faster that the gas

flows, the more heat is
removed from the
upstream thermometer
* The downstream
thermometer also
measures the heat flow,
increasing accuracy

* No contact between
sensors and gases (no
contamination)

SENSOR TUBE

GAS IN GAS QUT

Operation of the Mass Flow Controller (Courtesy, Tylan Corp.)




Photo of a Mass Flow controller

« Can see that flow direction is
important

« Solid-state valves and

MODEL  FC-260 interface

* No moving parts=> no wear
« Needs to be calibrated for

MASS FLOW CONTROLLER

each gas
i
(e
[

A Mass Flow Controller (Courtesy, Tylan Corp.)

CVD diamond
growth reactor

Steven’s MFC anecdote

Correlation between crystalline perfection and fifm purity for chemically
vapor deposited diamond thin films grown on fused quartz substrates
9 Sue-Amno Stuar 1 Ratas Manory. 9%

124 Lo S, Mhoure, Vitrin 301 vt

Ouarts Tube

T
i
° ‘Sobstzate Holder
'm;lmlp [

Turbulence makes a
difference!

Different
growth
patterns with
different flows

Mechanical obstruction sensors

Vane flow
meter




Some more mechanical obstruction sensors

Displacement

% ~ oxpacamant T
W
Flow—s [E}wwi All these
( el sensors turn a

Fiow change in flow
@ “” rate into a
change in
Displacement linear or
Y angular
displacement

N

i

N

Figure 2-4. hanical-displ fl ing (a) float
(variable area); (b) spring-restrained plug (variable area); (¢) hinged
vane; (d) cantilever vane.

Rotating mechanical obstruction sensors

/\ T
Flow-—— | Flow— “
w
\/ R sensors (a) and
@ © (b) turn a constant

flow rate into a
constant angular
velocity

Figure 2-5. Rotating mechanical flow-sensing
elements: (a) propeller; (b) turbine; (c) cup as-
sembly.

Rotor wheel flow sensor

W, « The rotating vane can
FADDLEWHEEL AN be attached to a coil in a
SENSOR magnetic field
« The current generated
in the coil is proportional
to the flow rate
LOCKNUT

PIPE TFE

Pressure drop sensors

When fluid in a pipe passes through a restriction there is a drop
in pressure.

by measuring pressures along the flow.

resistance
- ‘J
Pr o P2
Difterertial
A Pressure Sensor B

Total pressure, P,, after the constriction is P,=P + P,

* P, is the static pressure,

How does
this work?

* P4 is the dynamic (or impact) pressure

» P, is sometimes called the stagnation pressure

Bernoulli’s Equation

1 pv* + pgz+ P = constant
Where:
* p is the fluid mass density (Ns?m'")

« This is equivalent to
saying that an element of
fluid flowing along a

« z is the height of fluid (often called head) ~ streamline trades speed for
height or for pressures

* A consequence is that as
flow velocity increases,
the pressure on the vessel
walls decreases

* v is the fluid velocity (m/s)

* g is the acceleration due to gravity

* P is the pressure on the fluid

Differential pressure sensors

*These sensors change the cross-sectional area A, which increases
the velocity v.

« Since the height of the fluid is constant, the pressure must
decrease

* The amount of material flowing per second does not change, so
Avi=A,v,

» Bernoulli’s equation becomes % pv,24+P = V2 pv,2+P,

» Combine these expressions to get

2(Pi1—P>)
1 2

Lpvi+ pgz+Pvi= | ————
’ Al 1]
2

p[Ps —Pr]

I3




Differential pressure sensors

ez

! *These sensors change

ez S i i the cross-sectional area
o e A, which increases the
" " velocity v

ey L * Since the height of the

fluid is constant, the

Frow—s s ) J
P /E pressure must decrease
s 2
.
5

after the obstruction
e * The difference in
— pressures, combined
mm@m with the cross-sectional

before the obstruction

Figure 2.3, Diff 1 f : plate; (b) Ven-
turi tube; () Pitot tube; (d) centrifugal zection (elbow); () centrifugal section
{loop); (D nozate.

— area, tells us the velocity

s fz-rossendorf.de/FWS/publikat/JBI8 jb05.pdf

Wire mesh flow sensor

* Used to measure bubble
A—>< top view sectional view A - A . .

propagation in gases
* Uses grid of wires to
measure electrical
conductivity at wire crossing
points

Fig. 1: Wire-mesh sensor (2 x 16 electrode wires)

Images from wire mesh sensor

Eaualy d ¥t

* Note the area of laminar flow
« Light areas are flowing faster

svww. fz-rossendorf.de/F WS publikat/JBIS jb0S pdf

Cannula pressure-drop sensor

* Pitot tube flow velocity sensor
- v, P

f

o
o

g

P* = P + pv’/2 is the 'stagnation pressure'

Hence v* = 2(P* -P)/p

Ultrasonic flow sensors

« Ultrasonic waves are sound waves above human hearing (>20
kHz)
« Typical frequencies are 20 kHz - 20 MHz.

Remember that sound waves Several types of ultrasonic
are longitudinal pressure waves sensors are available- the most

caused by vibrations in a common are dynamic or
medium piezoelectric sensors

* A typical dynamic sensor is a thin, low mass diaphragm,
stretched over passive electromagnet.

* Such diaphragms operates at frequencies up to 100 kHz

* Good for Doppler shift intruder alarms (demo)

Ultrasonic flow sensors

» Many ultrasonic flow sensors consist of pairs of transducers
* Each transducer can operate as either a source or a detector of sound

waves
Transducer 1
A - D

AR
NS | N
RN N il
/ N i |
Flow ——

AN —v ,L Flow ——— AR
N f AR
<
s NS ) [N
NS - N

Transducer 2

@ ib}

Figure 2-11. Ultrasonic flow sensing (frequency-difference principle): (a) wetted; (b)

clamp-on.




Dynamic Ultrasonic Sensors

* As a generator of ultrasonic waves: the drive current creates a
magnetic field which pushes against the permanent magnet.

* As a detector: the motion of the element induces a current in the
drive coil Permanent

Cail M?gﬂcl Movable Element

III\

-

\Elastic

Drive current Attachment

Piezoelectric ultrasonic transducers

» We have encountered piezoelectrics in the context of force
sensors

* An extension of this is the use of piezos to convert the

compressions and rarefactions of a sound wave into an electrical
signal

* Deforms a crystalline structure under potential stimulation

Used in computers and wrist
watches as a time reference.

Operated at resonant frequency
(quartz crystal reference)

Piezoelectric ultrasonic transducers

Transmitted
Sound

Received
Sound

*The piezo
transmits when
an applied
potential distorts
Applied crystal
Potential
distorts
crystal

Jistorted
crystal

* Receives when
generales pressure wave
| potential gicorts crystal

i
\
\

\ \

Electrodes Eleétrodes

\

ta)

Measuring the
speed of sound in a
crystal using
ultrasound

ausnrz rRANSOUCER

B-SCAN FREEZE
CURSDR
H-MODE

CLA/S.OMI/60 —4dB

compsoc.dur.ac.uk/ ~ads/ultrasound jpg




The Doppler effect

Doppler effect is a shift in frequency
from a moving source of waves.

& Transducer

We can use the Doppler ﬁi
effect to measure the )<a
velocity of a fluid.
Ultrasound
A
— [N —
Fluid Flow

The Doppler effect

One shift upon receiving the signal,
the second upon transmitting.

2 fvcos(6)
c

s
Af  is the Doppler shifted frequency

For sound waves reflected off a
moving object, there are two
shifts:

The net shift is given by: Af =

f  is the source frequency

v is fluid velocity
0 the angle between the ultrasonic
beam and the fluid velocity

cs is the speed of sound in the fluid.

Notes on the Doppler Shift

Does not work with pure liquids.
Used as a non-invasive blood flow
monitor
Powerful extra tool when combined with ultra-sonic imaging

{8) Doppler Flowmetar

Doppler shift needs “stuff” to reflect
off: either optically active molecules
(eg Haemoglobin) or turbulence

(bubbles)
Recsiver Dopplar "m':m: §
Reflection (®) Cross-comralation Flowmeter
(em)  (mm)

| J )
(Pl e
1 ]

Transmitter  Fraquency f N,L/ 1

Doppler Blood measurement

* Doppler effect can be used to measure
variations in blood flow speed

 Often used for measuring pulses on animals

=ECG cutyt ECT |t fom
Ayl

DSEW Baxlax analeg signal acquisition system  Mowse insupine position

Ultrasonic transit-time flowmeter

A D distance AB between
= sensors
\ V is velocity of fluid
.. Veloci C: speed of sound in fluid
s Transit time T,y between
M A and B depends on the
== fluid velocity
B 6 angle between

transit path and flow|

difference in transit times : AT=T,5-Tp,

2
The flow velocity is given by: yo_GAT
2D cos(0)

hitp: 2:20Blo0d%20Flow?20N scuphim




