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ABSTRACT

The hot-wire anemometer has been used extensively for long time as a research tool in
fluid mechanics. A thorough study of this process and detailed analysis of different
technique in which this method can be enhanced has been done. In hot-wire
anemometry a small electrically heated element exposed to a fluid medium for the
purpose of measuring a property of that medium is used. Usually, the property being
measured is the velocity. Since these elements are sensitive to heat transfer between
the element and its environment, temperature and composition changes can also be
sensed.

Taking different types of probes and different types of fluid we compare the behavior
of sensor so that we can determine the best condition for measurement of property

particularly velocity.
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Chapter 1

Introduction



1.1 DEFINATION AND BREIF REVIEW

The thermal anemometry has been widely used for many years as a research tools and

Industries .Here hot wire anemometer will refer to use a small electrically heated element
exposed to a flowing fluid for measuring the velocity and other properties like turbulence , flow
pattern , level of that fluid . The principle of hot-wire anemometer is based on heat transfer by
convection method from a heated element placed in the fluid flow and any changes in the fluid
medium will cause a change in heat loss in sensor .It is an ideal tool for measuring velocity
fluctuation in time domain in turbulent flows.

There are two types of probe (1) hot wire and (2) hot film.
1.2 HOT WIRE SENSORS

Figure.1.1 shows tungsten hot wire anemometer probe. The typical diameter of probes ranges
from 0.0038 to 0.005 mm and length from 1.0 t02.0 mm. The most commonly used wire
materials are tungsten, platinum and platinum-iridium alloy. Though tungsten wires are strong
and have a high temperature coefficient of resistance, (0.004/°C) in many gases they cannot be
used in high temperature because of low oxidation resistance. In the case of platinum , it has
good oxidation resistance as well as has a very good temperature coefficient (0.003/°C), but is
very weak specially at high temperatures. The platinum-iridium wire is a compromise between
tungsten and platinum having good oxidation resistance, and high strength than platinum, but it
has a low resistive coefficient of temperature (0.00085/°C). Now-a-days tungsten is more popular
as compared to other hot wire material. To raise bond with the plated ends and the support

needles a thin platinum coating is usually applied.
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Tungsten Wire with Thin Platinum
- Coating on Surface
/ (0.00015 inches)

{0.0038 mm}

Gold Plated Stainless
Steel Supports

~-__ Plating to Define
Sensing Length

0.050 inches

{1.25 mm}(

Figure 1: Tungsten Hot Wire Sensor and Support Needles-
0.00015" Dia, (0.0038 mm)

1.2.1 CLASSIFICATION OF HOT WIRE PROBES

On the basis of number of sensors used hot wires probes are classified into one-, two- and three-
dimensional versions as single-, dual and triple sensor probes. Probes having two or more
sensors give information about magnitude as well as direction of velocity of fluid flow when

placed under different angles to the flow vector.

(a) (b)

3|Page



Figure 1.2 (a) Single Sensor Probe, (b) Dual Sensor Probe, (c) Triple Sensor Probe

1.3 HOT FILM SENSORS

Figure 1.3: shows film type sensors and used in regions where a hot wire probe breaks, such as in
water flow measurements. Most films are made of platinum because of its good oxidation

resistance property and the resulting long-term stability.

Gold Plated
Stainless Steel Supports

0.040 inches

uartz Coated Platinum
(1.0 mm) "E 2

Film Sensor on Glass Rod
(0.002 inches Dia.)
{0.051 mm Dia.)

Figure 2: Cylindrical Hot Film Sensor and Support Needles-
0.002" Dia. (0.051 mm)
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The hot wire anemometer can be operated in either of the modes (1) constant temperature or (2)

constant current. Mostly we have concentrated on constant temperature mode.

1.4 CONSTANT TEMPERATURE HOT WIRE ANEMOMETER

For the measurement of velocity and wall shear stress Constant temperature anemometry (CTA)
has been used for nominally four decades. The temperature hence resistance of the wire is kept
constant using a servo amplifier. Initially the bridge is balanced by adjusting the variable resistor
R3 while rest of two resisters R2 and R4 are fixed .The change in flow velocity causes the
change in resistance R1 and to keep the resistance constant accordingly the current is needed to
fed into the sensor. The advantages of constant temperature anemometer are it is easy to use, it
has high frequency response, low noise, accepted standards .Its bridge circuit is shown below in

Figure 1.4.

Fig 1.4: Bridge circuit of constant temperature anemometer
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1.5 CONSTANT CURRENT ANEMOMETER (CCA)

Current across the wire exposed to flow is kept constant. Variation in resistance of wire caused
by fluid flow is measured by monitoring the voltage drop across filament. Figure 4 shows the
basic circuitry of constant current anemometer. It has few disadvantages such as it is difficult to

use, its output decreases with velocity, there is very high exist risk of probe burnout.

Figure 1.5: Circuit Diagram of Constant Current Anemometer
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2.1 INTRODUCTION

The temperature of sensing element at any instant of time and depends upon the rate of transfer
of heat both to and from sensors. Transfer of heat takes place as a result of three possible types of
mechanism-conduction, convection and radiation. This chapter is concerned with heat transfer
between sensing element and the fluid in which it is situated. Here the main heat transfer

mechanism is convection.

From Newton’s law of cooling the convective heat flow W watts between a sensor at T°C and

fluid at Tf°C is given by:

W=UA(T-Tr)

where U Wm™ °C?is the convection heat transfer coefficient and Am? is the heat transfer area.

Heat transfer coefficients are calculated using the correlation:

Nu=® (Re, Pr)

between the three dimensionless numbers:

ud

Nusselt Number Nu= 7

vdp

Reynolds Number Re=——
n
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cn
Prandtl Number Pr= ?

The function @ is found out experimentally; its form depends on the shape of sensor, the type of
convection and the direction of fluid flow in relation to the sensor. For example the correlation

for forced convection cross-flow in a cylindrical tube is
Nu = 0.48 (Re )*°( Pr)°*
2.2 FLUID FLOW SENSOR WITH SELF- HEATING CURRENT

If current | is passed through a resistive element, like a fine metal wire or semiconductor film,
then the element is heated to a temperature T which is greater than T;, the temperature of the
surrounding fluid. The temperature of resistive element T and resistance Rt depends on the
harmony between electrical power i?Rt and the rate of total convective heat transfer between

element and fluid, the element is used as a fluid velocity sensor. The heat balance equation is:

, dT
|c—U(v)A(T—Tf)=MCE (1)

where U(V) is the convective heat transfer coefficient between sensor and fluid. If i, Rto To, Vo

represent steady equilibrium conditions then:
i’Rio— U(Vo) A (To—Tf)=0 (2)

Ai, ARy Av, AT are the small deviations from the above equilibrium values , we have:
i=lo+Al, T=To+AT

RT = RT0+ ART U(V) = U(Vo) + o AV (3)
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ou
In(3)o= (—)Vo I.e the rate of change of U w.r.t v, calculated at equilibrium v, From (1) and

ov

(2) we have:

(i0®+ Ai )*(Rro + AR7) - (U(Vo) - 0Av)A(To+ AT -TpAV = MC%( To + AT) (4)

Neglecting all the terms involving the multiplication of small quantities gives:

(io’ + 2 i0Ai)Rro + i0’ARr - U(Vo)A(To-Te) - UVo)AAT - oA(To-TRAV = MC% )

Subtracting (2) from (5) gives:

dAT
dt

2igR1oAl + iozART - U(Vo)AAT - GA(T()-TF)AV =MC (6)
AT can be eliminated by setting Kt = AR{/AT i.e. AT = (1/K1)AR7) , where K+ is slope of the

resistive element — temperature characteristics; thus

U(vy)A _ MC dAR: : :
258 = ]ae + BB — 2 o, - T ™
ie
ARp + T, B = KAi — K,Av ®
Where,

_ MC K, = ZKTiORTO
Ty = [U(UO)A— i%,KT] ! = [U(UO)A - igKT]

K, = XroATo= To) ©)

" [U(o)A — i2Kg]

Taking the laplace Transform of [14.26] gives:

(1+ 1,s)ARr = K/AT — K AD
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K . Ky

ART = (1+ tys) Ai (1+ 1ys)

(10)

Transfer function for fluid velocity sensor

Fig 2.1: Block diagram of thermal velocity sensor

2.3 CONSTANT TEMPERATURE ANEMOMETER SYSTEM FOR FLUID VELOCITY

MEASUREMENTS
2.3.1 Steady-State characteristics

From the above results the steady-state equilibrium equation for a fluid velocity sensor with self-

heating current is:
2Ry, = U(V)A (T, = Tp) (11)

In a CTA system the resistance Rtoand temperature T, of the sensor are maintained at constant
values. From (11) we see that if the fluid velocity v increases, causing an increase in U(v) ,them
the system must increase the current i through the sensor in order to re-establish equilibrium.

Since sensor resistance R, , remains constant , the voltage drop iR+, across

the element increases , thus giving a voltage signal dependent on fluid velocity sensors .This is :
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Nu= 024 + 0.56Re%S (12)

0.5
Giving U= 2% 4+ 056k (%) (13)
U= a+ bv (14)
Where
024k p\%°
= 2% b= 056k (E) (15)

We see that since a and b depends upon sensor dimension d and the fluid properties k, p, n, they
are constants only for a given sensor in a given fluid . This means that if a sensor is calibrated in
certain fluid, the calibration results will not apply if the sensors is placed in a different fluid .
Figure 6 is a schematic diagram of a constant-temperature anemometer system. This is a self —
balancing bridge which maintains the resistance Rt of the sensor at a constant value R. An
increase in fluid velocity v causes T and Ry to fall in the short term, thus unbalancing the bridge;
this causes the amplifier output current and current through the sensor to increase thereby
restoring T and Ry to their required values . Since Rr=R and Rt = R,(1 + a T) for a metallic

sensor , then the constant temperature T of the sensor is:

T=§(R30—1) (16)

From (2) , (14) and (16) we have:
i2R = A(a +bvv) E (=- 1) - TF] (17)

Since Eour = iR
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E3yr = AR@+b0 |- (=-1) - T4 (18)

Eour = (E2 + yVv)1/? (19)
where
EZ = ARa|: (Ri —1) - Tg| and y = ARb |2 (Ri ~1) - T¢] (20)

2.3.2 DYNAMIC CHARACTERISTICS

We now calculate the transfer function of the constant- temperature anemometer system to see if
the frequency response is sufficient to detect rapid velocity fluctuations due to turbulence and
vortex shedding. A block diagram of a thermal velocity sensor derived in 2.2 .the system

equations are:

Sensor ARy = (1+KT‘US) Ai — (1+K:Us) Av (21)
Bridge AV = Ky ARy (22)
Amplifier Ai = K, AV (23)
Output voltage AEy,yr = RAIQ (24)

Resultant change in bridge resistance ARz = AR — AR

= — AR, (since AR = 0) (25)

From (22)-(25)
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-1

ART =
RKAKp

AEoyr and Ai = 222U (26)

Substituting (25) in (21) gives:

-1

K
 AEyyy = ——— | Ay — KA ]
RK,Ky;  °UT = (1+ r,5) LR “-our — 2

Rearranging we have:

[ ( 1 + KlKAKB) + TUS ]AEOUT == KQKAKBRAU

Giving

AE K
O_UT (S) — CTA 27)
Av 1+ TCTAS

where

K,K,K5R T,
1+ KKK

Kera = T+ KKK, and Terg =

Fig 2.2: Block diagram of constant temperature anemometer
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Having described the total process of hot wire anemometry ,now we come up to the observation part.
We have seen that a few factors affected the working of hot wire anemometry. Let us see how the fluid

whose velocity is being measured affects the measurement.
First we will consider for CONSTANT TEMPERATURE ANEMOMETER

Earlier we have seen that equation
Eout® = Eo® — Y\/TJ (28)

Where Eo? = ARa |—— - Tf
o(75=1)

Ro

y= ARb l@— Tfl

Ro

0.24k
aand b hereare a = —

b =056 (d%)

k, p and 1 depends on the fluid whose flow velocity is to be used.

Here are values of few fluids which we will be using to check the dependence of the fluid on flow

velocity.
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Table 1.0

Properties alcohol Water Glycerine Olive oil

k(fluid thermal

conductivity) in W/meC | 0.17 0.016 0.28 0.17

p (fluid density)

in Kg/m® 785 1 1261 800

n (fluid viscosity) in Pas

0.001074 0.0013 1.2 0.081

Calculating the values of a and b for different fluid we plot the graph of fluid velocity versus

output voltage using programming in Matlab
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— Ef=water
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— El=dlcohal |
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- -
0 i | \ | \ | | |

1 ? ] 4 5 b I § g ll
vl
Fig 3.1

After observing this we now go for change in diameter which depict the change in sensor or

sensor diameter.We take 4 different diameter d=0.2,d=0.2,d=0.5,d=0.9
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With the change in d the constant a and b change and hence Eo? and y. Now again we plot the

flow velocity versus output voltage

1WA LU, WAL WIMGLITIY WG RS UL g e T3 WIMEY

1000 |

— Eoutat ¢=01
—Euttatd=02

- —Eoulatd=05 |
— Eutd at =09

Eout wvolts

Vs

Fig 3.2

We observed from the curves the behavior of a constant temperature anemometer so the same

thing is carried out for CONSTANT CURRENT ANEMOMETER.
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Using the same values of different characteristic fluid and substituting it in the equation
v = (i®Ro + t(i?Roa — Aa) + AaTf)/bTf (29)
Here Ts = fluid temperature
T =temperature of the wire

Plotting temperature versus the flow graph we get the graph

noe | | | |
(= * 1
- _— - g anne
- _ - dedoshal
_ T Wi o
.08 - -
0 -
t
=
0ot
I
p
e mm
r
2 u- .
t
u
r w- - — - -
a B .
(1S i
ID'I | | | | |
[} L] n L A i [ n ] L L

flow velocity

Fig 3.3
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Now changing the diameter of the sensor the flow versus temperature graph is obtained

flow velocity

Fig 3.4
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The characteristic observed were static after this we determine the dynamic response to see if the
frequency response is sufficient to detect rapid velocity fluctuation due to turbulence and vortex
shedding

The system equations are

Sensor ARt = %Ai - %Av

Bridge AV = Kz ARp

Amplifier Ai = KAV

Output voltage AEoyr = RAQ

Resultant change in bridge resistance ARz = AR — AR
= — ARy (since AR =0)
From the above equation we get
ARr=——— AEout

__ AEout
R

Ai

1
RKaKb

AEout = — [X AEout — KAv]
1+ts "R

Rearranging we have

[ ( 1 + KlKAKB) + TUS ]AEOUT = KQKAKBRAU
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TRANSFER FUNCTION OF CTA SYSTEM IS

AFEout Kcta
§)=——
Av 1 + tctas

KaKvKbR
Where Kcta = ——
1+KaKvKb
v
tcta = —2—
1+KiKaKb

Taking tcta = 1ms

And Kcta =2 we get the response of the system

First for an sinusoidal input with o= 2

Thus the bandwidth of the system is 0-160 Hz i.e between 0-160 Hz which is easily sufficient for

vortex detection and is adequate for most turbulence measurement applications.
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When the input is sinusoidal wave then the following curve is obtained

— output
— input

08

061 -

041 -

02 -

Eout wvolts

42

4

Q6 -

4

time in sec

Fig 3.5
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We now would see how the system would respond when a square wave input is given

— output
— input

09

08

07

Eout in volts
== =
e L=

=]
.

03

02

time in sec

Fig 3.6
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Now we carry out simulation in P-spice in order to get the practical results and compare them

with the theoretical output obtained in the previous chapter.

This circuit which will be simulated in P-spice has one Wheatstone bridge and a differential

amplifier using Opamp whose gain is 2.5.

PARAMETERS:

Re 00tk
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Actually in the process the voltage of the amplifier is the measure of current that has to be

supplied in order to keep the temperature constant and hence the resistance. But practically this is

not possible since a proper environment is needed for feedback. Since we cannot provide proper

environment this experiment will be a total failure so we just measure the voltage amplifier by

the amplifier and the output voltage of Wheatstone bridge. Amplifier is used to increase the

sensitivity and also remove the error due to attenuation. After designing the circuit we plot the

amplified output and output of Wheatstone bridge versus the change in resistance of the sensor

which depicts the change in velocity

o
-—
-—
==
E=

o J(R7:1,R8:1)

Fig 4.2
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V(R7,R8)(V(R7:1,R8:1))=output voltage of the Wheatstone bridge

Vout(V(R11:2))=output voltage of the amplifier

We now find coordinates of five different points on the curve which represents the output
voltage of Wheatstone bridge. From these coordinates we will find the flow velocity and see how

the dependence of flow velocity in the resistance. Resistance is changed by the change in flow

velocity.
Table 1.1

Rsensor {i]] KQ ) Eﬂm{iﬂ 1?-3":5)
0.072 1.4733

0.190 1.7452

0.311 2.02

0.430 2.3073

0.550 2.5983
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We now have the values of output voltage so we can calculate the flow velocity from the

equation - (28) plot resistance versus flow velocity for different fluids.

Table 1.2
i
Rsensorin KQ) | Qa(flow of the Qz(flowof | Qu(flowof | Qo(flow of
alcoholinm/s) | the the water) | the olive oil)
glycerine)
0.072 6.39x10™ 4.87x10° 12910 | 1.5578x10°
0.190 6.56x10" 8.507x10-3 | 1.195x10-3 | 1.5503x10"
0.311 2.23x10° 0.0125 5.561x10-3 | 5.2681x10°
0.430 4.258x10° 0.0164 0.011 1.0043x10°
0.550 6.4765x10" 0.02011 0.018 1.5275x10°

Plotting these values we obtained the following graph
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. Flow velocity versus resistance for different liquid

Fig 4.3
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Table 1.3

Eoutin Volts) | Qa(flowofthe | Qg(flowof | Qw(flowof | Qo(flow of
alcoholin m/s) | the the water) | the olive
glycerine) oil)
1.4733 6.39x 10" 4.87x10° | 1.29x10° | 1.5578x10
1.7452 6.56x10 8.507x10° | 1.195x10° | 1.5503x10°
2.02 2.23x10° 0.0125 5.561x10° | 5.2681x10°
2.3073 4.258x10° 0.0164 0.011 1.0043x10°
2.5983 6.4765x10° 0.02011 0.018 1.5275x10°
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We know plot the flow velocity versus output voltage for different fluids

voltage vs flow

alcohol
glycerine
water

olive oil
25 —

output voltage in volts
-
im
|

05 —

0 0.005 0.01 0.015 0.02 0.025
flow velocity in m/s

Fig 4.4
After plotting for different fluids we put the output voltage values in equation (28) and obtain the
values of flow velocity for different diameters as done earlier but the difference is just the fluid

remains same so the fluid characteristic don’t change the value of a and b but the diameter does.
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Table 1.4

Rsensor | Diameter=0 | Diameter=0.3c | Diameter=0.4c | Diameter=0.5c | Diameter=0.6c
(in KQ) | .2em m m m m

0.072 103915  0.4680 0.5128 0.5486 0.5770

0.190 0402 04730 0.51%8 0.5506 0.5784

0311 104119 104773 0.5184 0.5524 0.57%

0.430 041% 04809 0.5205 0.5538 0.5807

0.550 04258 04839 0.5223 0.5550 0.5816
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flow welocity in mfs

Plotting these points we obtain the graph below

Resistance versus the flow velocity

resistance vs flow
- | |
—d=0.2
—d=0.3
—d=04
—d=04
055 —d=06p
05k —
045 -
04+ -
0.3 —
| | | \ | |
14 16 18 resis tmcemohmZ_Z 24 26 28
Fig 4.5
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Now we obtain the values of flow velocity corresponding to the output voltage for different

values of diameter.

Table 1.5

) Eou(n | Diameter=0. | Diameter=0.3c | Diameter=0.4c | Diameter=0.5c | Diameter=0.6c
Volts) | Zem m m m m

0.072 |0.3915 0.4680 0.5128 0.5486 0.5770
0.190 |0.4025 0.4730 0.5158 0.5506 0.5784
0311 |0.4119 0.4773 0.5184 0.5524 0.57%4
0430 |0.41% 0.4809 0.5205 0.5538 0.5807
0.550 |0.4258 0.4839 0.5223 0.5550 0.5816
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Plotting the values of the above table we get a output voltage versus flow velocity curve

Output voltage versus flow velocity
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Fig 4.6
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This experiment particularly shows how to measure flow velocity of a fluid.

The resistance of the sensor changes which is detected by the Wheatstone bridge and a feedback
current is supplied to the sensor in order to keep the temperature constant and hence the
temperature .this happens in case of constant temperature type anemometer .in the other type i.e.
constant current type the current flowing through the sensor is kept constant and the change in
resistance is observed. Practically this process was not possible in case of constant current type
anemometer there is not much application because there are a lot of demerit one of them is the
there is a chance of breaking of the sensor due to overheating . so this was not a proper method

and therefore we didn’t carry out the practical experiment of this type.

Constant temperature needs a particular type of sensor. It basically uses the wire
made up of platinum and tungsten which is very costly in order to get. Temperature above the

room temperature is needed to be maintained which is practically not possible in ordinary labs.

When the current is supplied to the sensor the temperature of the sensor should increase and
hence the resistance which cannot be achieved because the heat would be radiated out and would

not contribute totally to the increase in resistance which would cause error.

Keeping all these factors in mind we did simulation of the circuit

in P-spice .So in order to change the flow we changed the resistance of the sensor (one arm of the
Wheatstone bridge). This change caused a change in the output voltage which was amplified
using a differential amplifier just to increase the sensitivity. The output obtained by the

Wheatstone bridge is put into the equation (28) in order to get the value of flow velocity.
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And finally we obtain the velocity of the fluid flow by back calculating using the Wheatstone

bridge output.

Effect of change in fluid

We calculated the change in output readings for different fluids such as alcohol, water, glycerine
and olive oil. Fluid density and fluid thermal conductivity are directly proportional to the output
voltage. Therefore the graphs obtained for same dimension or same sensor high output voltage is
obtained for the liquid with high conductivity and density. From this observation we conclude
that if a less conductive or less dense fluid is used then the amplifier gain should be high enough

to detect the changes in resistance.

Effect of change in dimensions

Dimension change means the change in sensor. When the heat exchange area is increases which
is done by increasing the diameter the sensitivity increases as we have seen in fig the output is

highest for the higher value of diameter.
Comparison of theoretical output with the simulated output

When we compare fig 3.1 and figure 4.2 we can see that both have similar behavior fig 3.1

represents the theoretical output and fig 4.2 represents the practical simulated output

Since the theoretical output has error and we have only considered 5 points of the graph the

graph is not smooth as fig 3.1

The same thing is seen when we compare fig 3.2 and fig 4.4 just a smoothness of the curve

differs.
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