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Abstract. Hot Wire Anemometers are thermal transducer capable to relate the transfer rate of thermal energy of a small metallic
filament, submitted to an electric current and submerged in a fluid, with the speed of the flow around the filament. Working with
constant temperature, the hot wire anemometry offers a form of flow measurement widely used by research laboratories and
nowadays, by several industrial, aeronautical, automotive and military environments. In this work, a constant temperature hot wire
anemometer was developed, composed by a probe of platinum wire with diameter of 25 mm and an electronic circuit of contral, it
was projected and built for measurement of profiles of speed and turbulence in homogeneous flows of gases fluids. An experimental
apparatus was also set up for calibration of the probes composed of a free jet, with axial symmetry, discharging in atmosphere. The
prototype was tested in the measurement of air speeds below of 40 mys with 10 kHz of frequency response. Comparative
measurements with the SreamLine system supplied by Dantec Dynamics Inc. of Denmark they were accomplished, showing good
agreement in the results and with costs many times smaller.
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1. Introduction

Hot wire anemometers have been wel known for amost one century and currently remain an important tool for
theoreticd and experimentd andyss of the fluid flow with reative free stream turbulent levels bdow 25%. The hot
wire anemometry (HWA), have countless advantages when compared with other techniques of measuring the speed
fluid flows, mainly, it is chesper relative acquisition cost, comparing to LDA - Laser Doppler Anemometers, and to the
modern systems of PV - Particle Image Velocimetry. The frequency response of HWA s typicadly from 20 up to 50
kHz, unlike LDA, in which the frequency response is limited to 30 kHz. Some specid hot wire anemometers can even
operate above a hundred of kHz, accord to Brunn (1971).

Low mantenance costs and easy operating are another rdevant festures meking HWA for use in research
laboratory the preferred choice, among other techniques of obtaining of the speed fluid flow, representing a safe
investment for engineers and researcherslooking for fast and practical resultsin the fluid dynamics measurements.

2. Hot wireanemometry

A hot wire anemometer is bedcdly a thermd transducer. An dectrica current crosses a fine metdlic filament,
which is exposed againgt the movement of a fluid. The heat generated by the passage of the dectric current in the
filament is trandferred to the fluid when your themd bdance varies, modifying the eectrical resstance. Such variation
can be quantified and monitored using severd eectronic circuits, able to correlate to the speed of thefluid.

Bedcdly there are two modes of operation of the hot wire anemometers: (1) Congdant Current Anemometer or
CCA; and (2) Congant Temperature Anemometer of or CTA.

In the constant current anemometers a constant eectrica current is supplied to an exposed filament, fowever this
circuit is very sendtive to temperature variations in the fluid. The operation needs specid attention because abrupt
vaiaions of the fluid velocity can burn the filament dueto critica heset flux.

The dectronic circuit of hot wire anemometer widdy used is the congtant temperature mode (CTA). According to
Bruum (1995), the congtant temperature anemometers are capable of providing a fast compensaion for the thermd
inetia of the warm filament, accomplishing this there is an auttomatic and continuous adjustment in the point of
operation of the circuit when the conditions of the fluid change. Since the coefficient of convection of the filament is a
function of the fluid flow, the badance of the temperature of the filament correspond to the messure of fluid flow.
Figure(1) shows a typicd diagram of CTA circuit caled by Citrintietal. (1994) as “sketch of Perry’s anemometer”,
present in a variety of technicd centers around the word, eg. Universty of Melbourne, Graduate Aeronautical
Laboratories, Imperid College, second Perry (1982). In the same figure, there is a typicd transfer function or
cdibration curve.
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Figure 1. Sketch of Perry’s anemometer and typica transfer function.

The temperature of the wire can be obtained in terms of the dectric resstance and the fluid characteridtics. In the
condant temperature mode, the current through the wire is adjusted to maintain constant temperature in such a way that,
the value of the necessary current to maintain such condition is proportiond the speed of the fluid. However such
relationship is non linear following an equation cdled “King's Law”, as shown in Eg. (1), In which A, B and n ae
coefficients, found through experiments, E isavoltage output form CTA circuit and U the fluid velocity.

E*=A+BU" D

The core of this instrument is the filament sted in the anemometric probe. A despened study of the behavior and of
the physicd peformance of this filament is the key for the congtruction of a good anemometer. Perry (1982) is a
excdlent reference for this purpose.

Typicd commercidly avalable hot-wire anemometers, for laboratory applications, have a flat frequency response
(<3dB) up to 17 kHz a the average velocity of 9.1m/s, 30kHz a 30.5m/s or 50kHz a 91 m/s. Due to the tiny size
of the wire, necessary for laboratory conditions, it is fragile and thus suiteble only for cleen gas flows. In liquid flow or
rugged gas flow, a platinum hot-film coated on a 25 ~ 150 nm diameter quartz fiber or gl ass tube can be used.

The probes for an industriad application are protected from flow contamination action. These probe sensors are
frequently enveloped (cladded) by a ceramic coeting or meta capsule hoods thet protect the hested filament. The sensor
protection peforms a long time of utilization without calibration but the mgor disadvantage of protect probes used in
indugtrid plants are their sze, much larger than non protected probes usualy employed in laboratories.  This sze and
the involved coating of sensor eements impacts the frequency response of probes. In industrid therma anemometry
the frequency responseisusualy limited to lessthan 1 Hz.

Figure(2) shows a usud laboratoria probe of Dantec Inc, modd 55P11 and an industria sensor of HWA made by
Kurtz Indruments Inc., mode 430. The first probe has a tungsten wire of 4 diamgter for 1.2mm length and in the
other, the wire is completely shidded with ceramic and mechanical protected by a stainless tube of 10 mm of diameter.
The KurtzZs probe dso has huilt-in a smdl platinum temperature sensor for automatic temperature correction of the

output signd.
| l l

. |

Figure 2. Typicd laboratorid (lft) and industrid (right) probes of HWA systems.

Hot-wire anemometers have a number of applications in industrid environment for messurement of fluid velocities
and volumetric or mass flow. Because the advantages of this equipment in terms of low cost, essy conditioning signd,
dectricd linear output dgnd, dl solid state components, low loss pressure in the flow, automated fluid temperature
compensation, absence of roteting parts and posshbility of work in aggressve environment with chemical reactions or
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presence of solid particles in the fluid they are intensdy utilized in industrid process. Industrid hot-wire anemometers
have the additiond advantage of rarer cdibrations. Because of these advantages, in the last years, hot wire anemometry
shows a lot of new gpplications for mass and volumetric flow meter of severd gases, especidly the atmospheric air, in
accord to Sasyama e al. (1983). Severd advanced new applications have been possible to hot-wire gpparatus in air
velocity messurement  utilizing the new avalable dectronic components.  Of course, modern ar conditioning and
refrigeration  assemblies, dectronic  gpplications, dectronic control  of internal  combustion engines, pollution  control
devices and severd others can be cited as examples of new hot-wire anemometry. A development of an eectronic
dreuit and the probes of a hot wire anemometer for ar messurements suitable to many laboratoria applications and
with few modifications possible to industrial useisthe principa god of this effort of work.

3. Circuit Design

Figure(3) shows the developaed CTA circuit of HWA. As the speed of the fluid varies the dectric resistance of
wire (R3) modifies, causing a vaiation in the vadue of the voltage & points (V@ and (Vh) of Wheatstone bridge with
raio 120, adiusted by (R2/R1). Such vaidion is messured by the firg differentid amplifier (X2 — Burr-Brown
INA 131 Precison Instrumentation Amplifier), which amplifies 100 times this vaue. Second Goldgein (1983), the
bridge retio is related with frequency response of the circuit and ratio near to 1.1 assurance better frequency response
however, because of stability, many anemometers use vaues with bridge ratio of 1:10 or 1:20.
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Figure 3. The congtant temperature circuit of HWA.

The adjustable resstance (R4) dlows the adjust of “overhesting” factor of the anemometer. This vaue defines the
temperature of work of the filament, based on the fluid property, as swown in Eq. (2). For use of the probe in ar or
gasss, (@) = 0.8, with operation temperature of approximately 220 °C. For water, (a) = 0.1, placing the filament in a
temperature close to 30 °C. In Eq. (2), (BR) is the bridge ratio, (Ruire) is the filament resstance, (Reanie) the probe cable
resistance and (Ryrongs), the resistance of the support of the wire.

R4 = BH:(1+ a)'RNire + I%able + Rprongs] (2)

The output voltage of Difference Amplifier (X2) is sent to another amplifier (X3 — Burr-Brown OPA-177 Precison
Ingtrumentation Amplifier) in order to summing this voltage to the off-set adjust. After this, a sub-circuit convert this
voltage variations in current variations in the bridge circuit and maintains congtant this difference by means of ancther
operationa amplifier (X1 — Burr-Brown OPA-177 Precison Insrumentation Amplifier) that drive a Darlington
transistor which is used to control the aurrent in the feedback loop. Point (V 10) makes the supply of Wheststone bridge.

Set point adjusts or offset is made by another sub-circuit thought operationd amplifier (X4 — Texas TL-071 JFET
Operation Amplifier) through (R18). Thisinitia vaue putsthe driver circuit of the bridge in the operation point.
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According to Wedman & Browand (1975), the frequency response of first operation amplifier, in this case X2, is
directly related to the globa frequency response of the anemometer since, the specification sheets of INA 131 assure
70kHz of operaion frequency with bandwidth of —3dB and CMRR of 120dB. This device is specific to use in bridge
circuits, data acquisition, medica instrumentation and other high precision gpplications.

There are no compensdions on the bridge inductance and capacitance effects due to cable lengths because they
were found minima and negligible during theinitid tests.

Specid attention is given to resisgance (R1) due to heat disspation. For the projected circuit, we have that R6 =
256W, causng an dectric current of gpproximatdy 200mA. This power dissipation (about to 1Watt) is somewha
high for most of the dectronic circuits To minimize the effects of the resstance variation in consequence of
temperature increase the use of a redstance bank represents a grest solution, once the total disspation of the bank is
directly proportiond to the power disspation of each resstance. Figure(4) shows this resstance bank up to 10W,
suggested by Perry (1982).

Fgure 4. Resigtance bank of R1.

Figure(5) shows a prototype assembly of the CTA circuit of this work with a brief description of the adjustments
points and connections.
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Figure 5. Full view of CTA circuit (prototype assembly).

The circuit was built in a standard print circuit board and fixed in a plexiglas sructure in order to gain essy access
to dl component of the circuit. Voltages to al operation amplifiers are supplied by low noise symmetric 15Volts (£

15V). This apparatus have only 230x120x100 mm of externd dimensons and 04kg of weight without the cables and
probe. The probe has been connected to the CTA circuit utilizing a4 m cablelong shielded.

4. Probedesign

An important relationship for the probe is the filament length (I) and diameter (d), which is directly linked to the
probe’s sendhility, as Bruun(1995). High vaues of (I/d) imply an amplifier with relative low gan and this way,
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improving the dability of the instrument. According to Goldstein (1983), amplifiers with high gain introduce a lot of
noise in the circuit. In fact, the higher the gain of amplifier, higher is the noise inserted in the signd output. So, a good
project of a hot wire probe takes so much in condderation the relationship (I/d) and the overheet retio. Typica vaues
for (I/d) depend on the type of wire used (platinum, tungsten, sted, nickel, etc). In the work of Citriniti et al. (1994), the
(I/d) value was 1000. According to Bruun (1995), typica vaues are between 200 and 800.

Fgure(6) shows two views of the probe developed for this work. The left figure shows a zoom view of the wire
and prongs. Right image shows a probe with guard chamber. This probe was made with platinum wire of 25nm of
diameter and 56mm of length, given a (I/d) ratio of 224. According Andersonetal. (2003), 160£ (I/d) £ 310 ae
suitable to minimize the heat loss from wire to the prongs.
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Figure 6. Sensor view. Wire and prongs (at |ft) and probe body (at right).

The manipulation and wdding of wire with smdl diamaes ae complex jobs and demand a lot of time
Micromanipulators with opticdl system to guarantee a necessary postioning are absolutdy necessary. In this work
however, the congtruction of the probe was done manudly and consumed a lot of time in the execution. In a future
work, a new micromanipulator will be built in order to promote an easy weding of wire in the prongs. Figure(7) shows
afull view of the developed probe.

Figure 7. Full view of the developed probe.

5. Calibration Procedure

All HWA systems need to be cdibrated to correct operation in order to edablish a vdidated rdaionship between
the CTA output voltage and the flow veocity. Following Bruun(1995), there exis many different techniques to
peform an adeguate cdibration. The work of Eguti e al.(2002) shows severd cdibration methods utilized by
different researchers.  Many other propositions to calibrate hot-film/wire probes can be found in an extensive literature
about thetheme, asin Lekakis (1996), Lomeas (1986), Menut (1998), Mdller (2000) and Persen & Saetran (1984).

A usgful procedure for hot-wire probes cdibration can be caried out utilizing a free jet and it is peformed by
exposing the probe to a set of known veocities and then recording the voltage output. A curve fit through these points
represents the transfer function or cdibration curve and is vaid to each specific probe. Figure(8) shows a diagram of
this procedure for incompressble gas flows. In practice, the ddicates probes utilized in fluid mechanics research
should be daly cdibrated before their utilization. In many cases, the literature relates severd cdibrations difficulties of
this devices and loss of cdibration is cited as the “Achilles hed” of the hot-wire anemometry, see, for example,
Perry (1982), Eguti et a.(2002) and Viera(2000). This saement is shared by severa fluid mechanics invedtigators,
epecidly for water and unclean gasflows.
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Figure 8. Veocity calibration of HWA probe.

Badcdly we have employed an asymmetric free jet of ar discharging in infinite media (atmosphere) where its
velocity could be easly obtaned by Bernoulli's equation for incompressible flows, showed in Eq. (3), where (r) is the
ar dendity. The experiment temperature must be carefully controlled in order to assurance goods results and low output
sgnd vaiations.

\ :1‘%(Po_ Palm) (3)

The differentia pressure (dP) equa to (Py — Pan) should be precisdy messured by a differentid manometer.  We
recommend the use of a manometer of Betz or an equivdent dectronic micro manometer able to measure variaions of
about 1Pa This experimentd ar veocity cdibration is wel documented in Bruunetal. (1988). The curve fit choose
for this cdlibration caled power lav or smple exponent power law, according Bruunetal. (1988) is the best choice for
dmogt HWA cdibrations. To obtain the A, B and n coefficients of the Eq. (1), graphicad computer software has been
used with successin order to promote a fast and optimized tune.

The cdibration of the developed probes has been made by traditiond free jet cdibration device A free jet
cdibration gpparatus is commercidly avalable by severd suppliers and is usudly a very expensive equipment. An
apparatus, condructed entirdy in Pexiglas plaes in our laboraiory, was made and exhaudively tesed by
Gongaves (2001) showed in Fg. (9), a left. This device is based on a commercid verson made by TS kindly loaned
by Uberléndia University thermd laboratory. A second commercia apparatus has been utilized in this work for hot-
wire probe cdibration made by Dantec Inc, showed in Fg. (9), & right. Both devices work following the same
principle showed in Fig. (8).
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Figure 9. Freejet calibration device developed in thiswork (left) and
the StreamLine HWA System and Calibration Unit by Dantec Inc. (right).
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Figure(10) shows the expearimentad assembly to perform a cdibration of CTA developed circuit and they probe
These results are compared with Dantec SreanLine system, dso caibrated by the same procedures.

Fgure 10. Experimenta velocity cdibration of HWA probesfor thiswork.

In this procedure a Yokogawa differentid manometer, modd EJ-110 has been utilized with pressure max. of
110 mmH,0 and precison of +01%. Fgure(11) shows two detailed view of probe postioning near by nozzle exit. At
left we have adeveloped probe for thiswork and at right, a Dantec Inc. probe, 55P11.
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Fgure 11. Experimenta velocity cdibration of HWA probes for thiswork.

The data acquidition of these experiments was made with a data acquistions sysem from National Instruments Inc.
AT-MIO_16E-1 bhoard. A specid progran script was made with the software LabVIEW 4.1. in order to produce
accurae data sets.

5. Calibrations Results
Figure(12) (left) shows a cdibrations curve of the probe developed for this work. Fg. (12) (right), we have a

cdibration curve to Dantec 55P11 probe.
Thetransfer function of platinum probeis showed in Eq. (4) and the Dantec 55P11 probe, in Eq. (5).

€ aina= 257+ 0.08v°*" ©

platina™

€ =0.52+0.65V%% (5)
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Figure 12. Cdlibrations curves of platinum probe (I€ft) and a Dantec 55P11 probe.

According to Bruun(1971), a practicd way to verify if a cdibration curve from HWA have a good gan is to
perform two smple varidble changes velocity (V) it was extracted velocity square root and of the voltage (€), square.
Thisway, Fig. (13) showsa“linearized” graphs from calibrations dada of the probes.
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Figure 13. “Lineared’ graphs of cdibrations curves of platinum probe (lft) and Dantec 55P11 probe.
6. Conclusion

The weak spot of a hot-wire anemometer is the frequent loss of probe cdibration. Severa new protected probes
permits the utilization of HWA in aggressve mediums and new eectronic circuits permit a precise condruction while
keeping affordable costs.  In this work, a prototype of the new proposed hot-wire anemometer has been showed.
Severd points can be attacked in order to promote improvements in the gpparatus.  Firgt of dl, a new digitd switched
source of energy must be implemented to minimize the noise.  Shielded devices should aso be employed in order to
increase the sgnd to noise raio. A new compact probe utiliziing a wire of 5im diameter and 3mm of length is
presently in congruction.  Findizing, with the purpose of determine the frequency response of pressure gauge usudly is
utilized a shock tube. A new proposed technique for frequency response determination of the anemometer should be
a0 implemented with a shock tube abeit in amodified formulation.
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