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INTRODUCTION

Turbulence is an important process in most fluid flows and contributes significantly to the
transport of momentum, heat and mass. Turbulence also plays a role in the generation of
fluid friction losses and fluid induced noise. In order to understand the behaviour of fluid
flows and in order to design and evaluate vehicles, engines, pumps etc. the study of
turbulence is therefore essential. Such studies are carried out by means of suitable
instrumentation like hot-wire anemometers (often called CTA or constant temperature
anemometers with reference to the operating principle) or laser-Doppler anemometers
(LDA) and more recently with particle-imaging velocimetry (PIV). Measurements are often
made as supplement to computer modelling (CFD, computational fluid dynamics).

The CTA anemometer works on the basis of convective heat transfer from a heated
sensor to the surrounding fluid, the heat transfer being primarily related to the fluid velocity.
By using very fine wire sensors placed in the fluid and electronics with servo-loop
technique, it is possible to measure velocity fluctuations of fine scales and of high
frequencies. The advantages of the CTA over other flow measuring principles are ease-of-
use, the output is an analogue voltage, which means that no information is lost, and very
high temporal resolution, which makes the CTA ideal for measuring spectra. And finally the
CTA is more affordable than LDA or PIV systems.

The booklet is intended to give the reader what he needs to know in order to select and
set up a CTA system and to perform measurements of basic turbulent quantities. It goes
through all the steps needed in order to carry out reliable measurements starting with a
chapter on selection of equipment (anemometer, probes, A/D board etc.) followed by
experiment planning, system configuration and installation, anemometer set-up, velocity and
directional calibration, data acquisition and data reduction. The more knowledgeable reader
may only read the text boxes, which are written as comprehensive step-by-step procedures,
and skip the text in-between.

Disturbing effects that may influence CTA measurements are mentioned briefly, and
finally an example on how to calculate the uncertainty of velocities measured with a CTA
anemometer is given. The booklet has a short introduction on the basic theory of the CTA
anemometer.

Two appendices give examples on how to set-up and acquire data with the Dantec
Dynamics MiniCTA and StreamLine anemometers utilizing the Dantec Dynamics
application software.
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1. SELECTING MEASUREMENT EQUIPMENT

1.1 Measuring chain

Computer
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Fig. 1. Typical CTA measuring chain.

The measuring equipment constitutes a measuring chain. It consists typically of a Probe
with Probe support and Cabling, a CTA anemometer, a Signal Conditioner, an A/D
Converter, and a Computer. Very often a dedicated Application software for CTA set-up,
data acquisition and data analysis is part of the CTA anemometer. A traverse system may be
added for probe traverse, when profiles have to be investigated. A dedicated probe calibrator
may speed up an experiment and reduce the total costs, as it cuts down expensive wind-
tunnel time.

1.2 Probe selection
Probes are primarily selected on basis of:
e Fluid medium
e Number of velocity components to be measured (1-, 2- or 3)
e Expected velocity range
¢ Quantity to be measured (velocity, wall shear stress etc.)
e Required spatial resolution
e Turbulence intensity and fluctuation frequency in the flow
e Temperature variations
e Contamination risk

e Available space around the measuring point (free flow, boundary layer flows,
confined flows).



1.2.1 Quick guide to probe selection

Free and Confined Flows
Type of flow | Medium | Recommended Probes
1-Dimensional
Uni-directional Gas Single sensor Wire
Single sensor Fiber, thin coat.
Wedge-shaped Film, thin coat.
Conical Film, thin coat.
Liquid Single sensor Fiber, heavy coat.
Wedge-shaped Film, heavy coat.
Conical Film, heavy coat.
Bi-directional Gas Split-fibers, thin coat.
Liquid Split-fibers, heavy coat.
2-Dimensional
One Quadrant Gas X-array Wires
X-array Fibers, thin coat.
V-wedge Film, thin coat.
Liquids X-array Fibers, heavy coat.
V-wedge Film, heavy coat.
Half Plane Gas Split-fibers, thin coat.
Liquids Split-fibers, heavy coat.
Full Plane Gas Triple-split Fibers, thin coat.
X-array Wire, flying hot-wire
Liquids Triple-split Fibers, special
3-Dimensional
One Octant (70° Cone) Gas Tri-axial Wire
Tri-axial Fiber, thin coat.
Liquids Tri-axial Fiber, Special
90° Cone Gas Slanted Wire, rotated probe
Liquids Slanted Fiber, heavy coat.
Full Space Gas Omnidirectional Film
Wall Flows
(Shear Stress)
Type of flow Medium Recommended Probes
1-Dimensional
Unidirectional Gas Flush-mounting Film, thin coat.
Glue-on Film, thin coat.
Liquids Flush-mounting Film, heavy coat.
Glue-on Film, special




1.2.2 Sensor types

Anemometer probes are available with four types of sensors: Miniature wires, Gold-plated
wires, Fibre-film or Film-sensors. Wires are normally 5 um in diameter and 1.2 mm long
suspended between two needle-shaped prongs. Gold-plated wires have the same active length
but are copper- and gold-plated at the ends to a total length of 3 mm long in order to minimise
prong interference. Fibre-sensors are quartz-fibers, normally 70 um in diameter and with 1.2
mm active length, covered by a nickel thin-film, which again is protected by a quartz coating.
Fibre-sensors are mounted on prongs in the same arrays as are wires. Film sensors consist of
nickel thin-films deposited on the tip of aerodynamically shaped bodies, wedges or cones.

Sensor type selection:

Wire sensors:
Miniature wires:
First choice for applications in air flows with turbulence intensities up to 5-10%. They have
the highest frequency response. They can be repaired and are the most affordable sensor
type.
Gold-plated wires:
For applications in air flows with turbulence intensities up to 20-25%. Frequency response is
inferior to miniature wires. They can be repaired.

Fibre-film sensors:
Thin-quartz coating:
For applications in air. Frequency response is inferior to wires. They are more rugged than
wire sensors and can be used in less clean air. They can be repaired.
Heavy-quartz coating:
For applications in water. They can be repaired.

Film-sensors:
Thin-quartz coating:
For applications in air at moderate-to-low fluctuation frequencies. They are the most rugged
CTA probe type and can be used in less clean air than fibre-sensors. They normally cannot
be repaired.
Heavy-quartz coating:
For applications in water. They are more rugged than fibre-sensors. They cannot normally be
repaired.

Note: Wire probes and fibre-film probes with thin quartz coating can be used in non-conducting
liquids.




1.2.3 Sensor arrays

Probes are available in one-, two- and three-dimensional versions as single-, dual and triple-
sensor probes referring to the number of sensors. Since the sensors (wires or fibre-films)
respond to both magnitude and direction of the velocity vector, information about both can be
obtained, only when two or more sensors are placed under different angles to the flow vector.

Split-fibre and triple-split fibre probes are special designs, where two or three thin-film
sensors are placed in parallel on the surface of a quartz cylinder. They may supplement X-
probes in two-dimensional flows, when the flow vector exceeds an angle of +45°. They are not
supported by commercially available CTA software.

Sensor array selection:

Single-sensor normal probes:
For one-dimensional, uni-directional flows. They are available with different prong
geometry, which allows the probe to be mounted correctly with the sensor perpendicular and
prongs parallel with the flow.

Single-sensor slanted probes (45° between sensor and probe axis):
For three-dimensional stationary flows where the velocity vector stays within a cone of 90°.
Spatial resolution 0.8x0.8x0.8 mm (standard probe). Must be rotated during measurement.

Dual-sensor probes:
X-probes:
For two-dimensional flows, where the velocity vector stays within £45° with respect to the
probe axis.

Split-fibre probes:

For two-dimensional flows, where the velocity vector stays within £90° with respect to the
probe axis. The cross-wise spatial resolution is 0.2 mm, which makes them better than X-
probes in shear layers.

Triple-sensor probes:
Tri-axial probes:
For two-dimensional flows, where the velocity vector stays inside a cone of 70° opening
angle around the probe axis, corresponding to a turbulence intensity of 15%. The spatial
resolution is defined by a sphere of 1.3 mm diameter.

Triple-split film probes:
For fully reversing two-dimensional flows, Acceptance angle is +180°.

Note: Split-fiber probes and triple-split film probes are not suppported by standard application
software packages.




1.3 CTA Anemometer/Signal conditioner

1.3.1 Anemometer selection

Often a CTA anemometer is on hand for an experiment, while it is more seldom that selecting
and purchasing an anemometer is part of the experimental planning. In both cases, however, it
1s important to make sure that the anemometer to be used has the required bandwidth and
sufficiently low noise and drift to provide stable and reliable results. In water applications it is
also important to check that the CTA bridge can deliver sufficient power to operate the probe at
the expected flow velocity.

CTA anemometer and bridge selection:

Research type CTA (StreamlLine):
Bandwidth is typically 100-250 kHz, max. 400 kHz.
Noise contributes typically with 0.005% to a background turbulence of 0.1% of 10 kHz
bandwidth.
Drift typically 0.5 uV per °C (amplifier input).

CTA bridges:

1:20 General purpose bridge for air applications at bandwidths below approx. 250 kHz.
1:20 General purpose bridge with high power for water applications.

1:1 Symmetrical bridge for bandwidths up to 400 kHz, or for long probe cables up to 100 m
(reduces max. bandwidths to typically 50 kHz).

Set-up:
Automatic set-up of and operation of CTA bridge via application software.

Dedicated type CTA (MiniCTA):
Bandwidth is typically 10 kHz.
Noise on output signal is typically 1-2 mV.
Drift typically 1 uV per °C (amplifier input)..

CTA bridges:
1:20 General purpose bridge for air applications at a bandwidth up to approx. 10 kHz.

Set-up:
Manual set-up and operation of CTA bridge.

Research type anemometers are normally multi-channel systems with up to 6 or more CTA
channels. They have built-in Signal conditioners for amplification and filtering of the CTA
signal before A/D conversion.

Dedicated anemometers are single-channel instruments supporting only one sensor. They
do normally only have a low-pass filter for the output signal. They can be combined for multi-
point measurements.
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1.3.2 Signal conditioner

Most CTA anemometers have built-in Signal Conditioners for high-pass and low-pass filtering
and for amplification of the CTA signal.

Signal conditioner selection:

Offset:

Should ideally cover the input range of the A/D board. In practice, however, it suffices to cover the
expected range of the CTA output signal, e.g. 0-5 Volts.

Gain:
Improves A/D board resolution. A gain of 16 gives a 12-bit A/D board the same resolution as a 16-
bit board.

High-pass filter:
Removes the DC-part of the signal. Is only needed, when low frequency fluctuations have to be
removed from the signal prior to spectral analysis.

Low pass filter:

Removes electronic noise from the signal and prevents folding back of spectra (aliasing). The filter
should be as steep as possible. Research anemometers normally have a —60 dB/decade roll-off,
while dedicated simpler anemometers may have —20 dB/decade.

1.4 A/D board

The CTA signal is acquired via an A/D converter board and saved as data-series in a computer.

Selecting the A/D board:

Number of channels:
Shall as a minimum equal the number of CTA channels plus additional channels (e.g. temperature)
needed in the experiment.

Input range:
Shall cover as a minimum the CTA voltage range. A 0-10 Volts range is well suited for most
anemometers and applications.

Input resolution:
Shall be sufficient to provide the required resolution in converted data. A 12-bit board typically
gives a velocity resolution of 0.1 to 0.2%.

Sampling rate SR:

Shall be minimum two times the maximum frequency in the flow: SR=2f,,.x
SR is reduced by the number of channels, 7, in use: SR(n)=1/n"2"f 4

A 100 kHz board covers most low-to-medium velocity applications (<100 m/s).

Simultaneous sampling:

May be needed when correlation between fast sampled multiple channels (e.g. Reynolds shear
stress) is required.

Check the sampling rate per channel, as it may be significantly reduced due to delays on the board
as compared with the sampling rate for consecutively sampled signals with the same board.

External triggering:
Needed to start the data acquisition by an event related to the flow.

11



1.5 Computer

The choice of computer to be used for CTA measurements is normally not critical. Speed and
memory storage are normally more than sufficient for most applications. It is, however,
important to ensure that the CTA controller, the A/D board driver and the traverse driver are
compatible, i.e. runs under the same operative system and can be called from the same
application software. Also that the required number of com ports for communication with the
CTA anemometer and the traverse system is available.

1.6 CTA application software

Commercially available CTA anemometers are normally delivered together with an
application software. Advanced software packages control the anemometer and carry out
automatic set-up of both CTA bridge and signal conditioner [14]. They also perform
automatic velocity and directional calibrations and they can be programmed to perform
automatic experiments with probe traversing and data acquisition. Finally data are converted
into engineering units and reduced to relevant statistical quantities: moments, spectra etc.
Application software for manually operated anemometers is also available. Except for the
anemometer and calibrator drivers, they have by and large the same functionality as the
advanced packages.

= MiniCTA
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Note: It is highly recommended to use professional CTA application software when at all possible
in order to reduce the time and costs it otherwise takes to start up. In special cases, where the CTA
is part of a large measurement system with input from many other types of instruments including
the control of windtunnels and traverses, it may be worthwhile considering writing ones own
software. Even then, it may be sensible to use the velocity and directional calibration routines
offered by a professional application software.
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1.7 Traverse system

A traverse system is needed, if probe movement is part of the experimental procedure. It may
have up to three axis and a rotation unit, if used for slanting probes.

Traverse selection:

Axis:
Number and range of traverse axis shall fit to the experiment.

Resolution:
Linear resolution shall be sufficient. Commercially available traverses for CTA probes normally
have a resolution better than 0.01 mm and can be repositioned within approx. £0.1 mm.

Control:
Automatic traverse is most conveniently controlled from the CTA application software.

Impact on flow pattern:
The traverse should not disturb the flow at the probe position. This may be achieved by using
aerodynamically shaped probe mounts on the traverse.

The traverse should be rigid so that the parts exposed to the wind load do not vibrate or bend.
Such vibrations or bending will bias the velocity measurement.

1.8 Calibration system

A calibration system is normally not considered part of the measuring chain. It plays, however,
an important role for the accuracy and the speed, with which an experiment can be carried out.
Calibrations may be performed in a dedicated calibrator with a low-turbulent free jet, whose
velocity is calculated on basis of the pressure drop over its exit. Calibrations can also be

performed in the wind-tunnel, where the experiments are going to take place, with a pitot-static
tube as the velocity reference.

Calibration facility:

Dedicated probe calibrator:
Velocity range. From a few cm/s to several 100 m/s.
Accuracy: Typically +£0.5% of reading above 5 m/s.
Additional features: May be used for directional calibration of multi-sensor probes.

Wind-tunnel with Pitot-static tube:
Velocity range: From approx. 2 m/s to typically 50 m/s.
Accuracy: Typically +1% of reading above 5 m/s. Depends on pressure device and decreases
at low velocities.

13



2. PLANNING AN EXPERIMENT

The quality of fluid dynamic measurements and the efficiency of the experimental procedure
very much depends on the selection of the equipment, inclusive the application software, and
on the planning of the experiment. Qualified decisions depend on the capability to identify the
measurable quantities and to select the data analyses needed to provide the required results.

What to do:

Know what you want to measure, the physical
variable, the statistical functions, the ultimate
presentation.

Know your sensor: sensitivity limitations,
potential problems.

Know the results beforehand. If you do not
guess, cross check, explore.

Design the measurement.

Estimate optimum data rate, measurement
time, number of samples needed.

Check the function of equipment by varying

parameters. Is the system immune to small
changes in bandwidth, range, gain ....

temperature, conditions during a
traverse.

Do not leave and go for coffee!

Monitor the results online — things may change:

ChecKk list:

Define quantities to be measured:
- Higher order moments (mean, standard
deviation, turbulence, shear stress, etc.).
- Frequency distribution (spectra)
- Eddy sizes (length scales)

Define distribution of measuring points:
- Single point measurement
- Profiles (probe traverse)
- Simultaneously in many points

Select Equipment and software on basis of:

- Flow medium: Gas or liquid.

- Dimensions: 1-, 2- or 3-dimensional.

- Fluctuations: Turbulence intensity, length
scales, frequency distribution.

- Temperature: Constant or varying.

- Quantity to be measured: Velocity
components, shear stress, temperature etc.

Define Experiment procedure on basis of:
- Type of flow field: Free or internal flows,
wake flow, boundary layer flow, reversing

flow.

- Point distribution: Single-point or
distributed.

- Data analysis: Amplitude-, time- or spectral
domain

Define Data analysis on the basis of:
- Required result versus measured quantity.
- Equipment set-up and data conversion set-up

experiment.

Note: Some of the characteristics, e.g. length scales and frequency distribution, may be
unknown prior to an experiment and have to be measured before the final set-up of the

14



3. EXPERIMENT STEP BY STEP PROCEDURE

When the flow and parameters of interest are defined and the necessary hardware is installed
and configured (Chapter 1 and 2), the experimental procedure consists of the following steps
(numbers in bracket refer to relevant chapters):

HARDWARE SET-UP:

1. Adjust overheat ratio (5.1.1).

2. Measure ambient reference temperature, if temperature variations are expected.
3. If need be, check system response with square wave test (5.1.2).

4. Set low-pass filter in Signal Conditioner (5.2.1).

VELOCITY CALIBRATION:
5. Expose the probe to a set of known velocities and determine the transfer function
(6).
DIRECTIONAL CALIBRATION:

6. Only for 2- and 3-D probes, and only if high accuracy is required. Otherwise use
manufacturer’s defaults for yaw and pitch coefficients (7).

CONVERSION AND DATA REDUCTION:
7. Transfer function provides calibration velocities (8.1.1-8.1.2-8.1.3).
8. Decomposition using yaw and pitch coefficients provides velocity components
(8.1.4 - 8.1.5).
9. Data analysis module provides reduced data. (10).

DEFINE EXPERIMENT:

10. Select hardware set-up
Option 1: Adjust overheat ratio if temperature changes are expected (11.2).
Option 2: Leave overheat resistor constant (requires temperature correction of
data, if temperature changes (11.2).

11. Probe movement: Define traverse grid (for measurements in many points)

DEFINE DATA ACQUISITION:
12. Sampling frequency and number of samples (9).

TEST RUN:

13. Place the probe in the flow and acquire data. Check that reduced data (mean
velocity, standard deviation etc.) are as expected.

RUN EXPERIMENT:

14. Move the probe to position, readjust hardware, if need be, and acquire probe
voltages (11).

CONVERT AND REDUCE DATA:
15. Load the data and apply the selected conversion/reduction routine (10).

PRESENTATION OF DATA:
16. Present data in graphs or export them to a report generator.
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4. SYSTEM CONFIGURATION

System configuration is the process of mounting and interconnecting the selected probes,
cables, CTA anemometers, signal conditioners and A/D channels. The configuration may also
include a Traverse system for the probe.

4.1 Probe mounting and cabling

4.1.1 Probe mounting and orientation

The probe is mounted in the flow with the same orientation as it had during calibration.
Preferably with the wire perpendicular to the flow and the prongs parallel with the flow.

Y Tri-axial Probe

Yy Single-sensor Probe i ,—‘
L]
v
R T z N
u - -::://F‘_ )—( ﬁ’ u " é‘L = ® ;(
/ _l/_\_
Y Sensor ID Alignment
X-array Probe I fate
I / wire 1 SensoriD (X,Y,2)= Probe coordinate
v system

(U, V) = Laboratory coordinate
system

Fig. 2. Probe orientation with respect to laboratory coordinate system.

Straight probes are mounted with the probe axis parallel with the dominant velocity direction.
It is recommended that the probe coordinate system (X, Y,Z) coincides with the laboratory
coordinate system (U, V,W).

The probe is mounted in a probe support, which is equipped with a cable and BNC
connector, one for each sensor on the probe. Film probes are equipped with fixed cables and
need no supports. Probe bodies and the probe support are designed so that their outer surfaces
are electrically insulated from the electrical circuitry of the probe or anemometer circuit. They
can therefore be mounted directly to any metal part of the test rig without the risk of ground
loops.

1t is important to note that the BNC connectors do not make electrical contact with any metal parts
of the rig or elsewhere. The BNC connectors represent the signal ground and may therefore carry
ground loops. It is also important that the BNC connectors on dual- or triple-sensor supports do
not touch each other, as it will influence the floating amplifiers in the CTA.

1t is therefore recommended to cover all BNC connectors with a length of plastic tube.

Important: The probe should only be mounted in its support or removed from it, when the CTA
is switched to Stand- by or the power to the CTA is disconnected.
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4.1.2 Cabling

Right Plastic sleeves Right
Plastic sleave

) %
YWrong Wrong
Y
— ——— P
—

Fig. 3. Avoiding ground loops and noise pickup.

The distance between the probe and the CTA should be kept as small as possible. The standard
cable length is 4 meters probe cable plus 1 meter support cable, and this combination should be
used if at all possible in order to obtain maximum bandwidth and in order to avoid picking up
more noise than need be. If longer cables are necessary, it is important to follow the lengths
recommended by the manufacturer for the actual CTA bridge (normally 20 or 100 m).

1t is recommended to use the BNC-BNC cables delivered together with the CTA by the
manufacturer in order to match the cable-compensating network in the bridge.

If this is not done, the bridge may become unstable and deliver a useless oscillating voltage output
or, in the worst case, burn the sensor.

4.1.3 Liquid grounding

Film probes mounted in liquids may be damaged, if a voltage difference between the sensor
film and the liquid builds up by electric charges in the flowing medium. If such charge build
up occurs, the insulating quartz coating may break down and the thin-film will be etched
away due to electrolysis. The liquid must therefore be grounded to the anemometer’s signal
ground as close to the probe as possible.

Film probe

4

I Grounding electrode
Dant
Sze:rﬁLlne |:| @ @ @

@@

Signal ground

Fig. 4. Grounding of liquid to Signal ground near film probe.
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4.2 CTA configuration

4.2.1 CTA bridge

The CTA bridge configuration is selected on the basis of the required bandwidth, the required
power to the probe (related to fluid medium, velocity and probe type) and on basis of the
distance between probe and the CTA.

CTA bridge configuration:

Standard CTA bridge:
Bridge ratio 7:20
Resistor in series with the probe: normally 20 ohms.
This bridge configuration can be used in the most applications.

Symmetrical CTA bridge (vesearch type anemometers):
Bridge ratio /:1
Resistor in series with the probe: normally 20 ohms.
This bridge is recommended for very low turbulence intensities (typically less than 0.1%) or
very high fluctuation frequencies (typically above 200-300 kHz).
Or when long cables between probe and CTA are needed.
It has lower noise and can be balanced to a higher bandwidth than the 1:20 bridge.

High power CTA bridge (research type anemometers):
Bridge ratio 7:20
Resistor in series with the probe: 10 ohms.
Recommended for high power applications (water at high speeds, e.g. 1 m/s or above). Probe
current is almost doubled (typically 0.8 amps. compared with 0.4-0.5 amps.)

4.2.2 Connecting CTA output to A/D board input channels

Mullichanne! Research CTA A Terrination board Single-channel! o
Streamling Back Panel Dedicaled CTA A/D Termination board

i M
. o A

1 1] I | |
© |
Single-snded referenced Differential connection

It is important to follow the manufacturer’s instructions when connecting the CTA output to
the A/D board input. Research anemometers where the CTA modules have separate power
supplies and common signal ground may be connected single-ended referenced. Dedicated
anemometers in separate housings should normally be connected differentially in order to
avoid cross-talk between channels and each individual signal ground connected to the Analog
Input ground of A/D board via a 100 k€ resistor. The cable length between the CTA output
and the A/D board input should be kept as short as possible, preferably a few meters. The
configuration of the A/D board is done in the manufacturer’s application software.

18




4.3 Traverse System

The Traverse system is used to move the probe around in the flow. It is selected on the basis
of the number of axis to be traversed, the size of the area to be traversed, the positioning
accuracy and the expected forces from the flow acting on the traverse.

When a PC controlled traverse system is selected, it is important to make sure that the
moving of the traverse and the acquisition of data can be timed securely. The most practical
solution is when the traverse can be moved from the CTA application software, i.e. the
traverse is part of the hardware configuration, or when the CTA data can be acquired in the
same software, which controls the traverse. The communication with the traverse is often
done via a serial comport or via a GPIB interface.

5. ANEMOMETER SET-UP

The anemometer set-up consists of CTA hardware set-up and Signal conditioner filter and
gain adjustment.

5.1 CTA hardware set-up

The hardware set-up consists of an overheat adjustment (static bridge balancing) and a square
wave test (dynamic balancing). When a signal conditioner is part of the CTA, the hardware
set-up also includes low-pass filter and optional gain settings.

5.1.1 Overheat adjustment

The overheat adjustment determines the working temperature of the sensor. The overheat

resistor (decade resistor) in the right bridge arm is adjusted, so that the wanted sensor

operating temperature is established when the bridge is set into Operate. The cold and warm

resistors are related via the overheating ratio, a:

R -R,
RO

its resistance at ambient (reference) temperature 7.

a where R,, is the sensor resistance at operating temperature 7, and R is

The over temperature 7,,-7) can be calculated as:

Tw—To = ai where ¢ is the sensor temperature coefficient of resistance at 7.
0

The probe leads resistance and the resistances of the support and cable are normally provided
by the manufacturer and need therefore not to be measured separately, unless high accuracy in
setting the over temperature is required.

Some dedicated CTA anemometers do not have facilities for measuring the probe cold
resistance. In such cases it may suffice to use the resistance values stated on the probe
container.
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Overheat adjustment procedure:

Ry Rs 20°Rs

Rdecade

T Probe

Measure the total resistance R,y at ambient temperature 7, and calculate the active sensor
resistance:

RO = R (Rleads + R + Rcable )

tot,0 sup port

Rieads = probe leads resistance, Ry,,0 = support resistance and R = cable resistance.

Select a suitable overheat ratio, a.
Recommended values are a= 0.8 in air (over temperature approx. 220°C)
and ¢=0.1 in water (over temperature approx. 30°C).

Calculate the decade resistance as:

R, =BR-|1+a)-R,+R, . +R, +R._,. |

dec leads sup port

BR=bridge ratio=20 (in most CTA’s)

Adjust the decade resistance to Ry,..

Note: If the probe resistance is measured with an ordinary ohm meter, it is recommended to check
the measuring current. The current should not exceed 1 mA when measuring the resistance of a 5
Um wire probes in order to avoid heating the wire.

5.1.2 How to use overheat adjustment

The practical use of overheat adjustment depends on how the temperature varies during set-
up, calibration and experiment.

The temperature is constant throughout (T varies less than for example +0.5°C):

The overheat is adjusted once at the start of the experiment and left untouched during
calibration and data acquisition (“Automatic overheat adjust” is disabled in computer
controlled anemometers).

The temperature varies from set-up to calibration and during the experiment. There are two
options:

1. Overheat adjust. The probe resistance is measured, and the overheat is readjusted
before calibration and before to each data acquisition. The overheat ratio will then
be the same in all situations and the temperature influence minimised. (“Automatic
overheat adjust” is enabled in computer controlled anemometers).
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2. Temperature correction: The overheat is adjusted once and left untouched during
calibration and data acquisition. The temperature is measured during calibration and
during the experiment and used to correct the anemometer voltages before
conversion and reduction.

See Chapter 11.2.

5.1.3 Square wave test

The square wave test, or dynamic bridge balancing, serves two purposes: It can be used to
optimise the bandwidth of the combined sensor/anemometer circuit or simply to check that
the servo-loop operates stable and with sufficiently high bandwidth in the specific application.
It is carried out by applying a square wave signal to the bridge top. The time it takes for the
bridge to get into balance is related to the time constant, and hence the bandwidth, of the
system. Most CTA anemometers have built-in square-wave generators. If not, they normally
have input for an external square wave generator.

Square wave test procedure:

Expose the probe to the expected maximum velocity.

Connect an oscilloscope to the CTA output, if the square wave is not displayed in the application
software.

Apply the square wave to the bridge.

Corract square wave test, U= 30 m/s Too high gain Too long cable (10 m instead of 5 m)

i

VAT
r||l||||‘|nll iy}
i
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W
RSN i
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087 h

2

015nF

Adjust amplifier filter and gain until the response curve gets a 15% undershoot. The response
should be smooth without “ringing” either at the top or at the zero line.

Determine At being the time it takes the servo-loop to regulate back to 3% of its maximum value
with an undershoot of 15%.

Calculate the bandwidth of the probe/anemometer system (or cut-off frequency) f.:
1
1.3 A¢

The bandwidth is defined as the frequency, at which the fluctuation amplitude is damped by a
factor 2 (—3 dB limit).

1
(wire probes) [10] f.= A (fibre-film probes) [11]

Note: For wire probes up to 100 m/s the amplitude damping starts at frequencies 0.3 - 0.5 times
smaller than the -3 dB cut-off frequency determined by the square wave test.

The response can be optimised by adjusting the amplifier filter and gain. High gain setting
gives high bandwidth, but also greater risk for the servo-loop to become unstable. It is
therefore often recommended to reduce the gain in order to run safely.
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Most CTA manufacturer’s are recommending default settings for gain and filter, which can be
used in most applications. Dedicated CTA anemometers often have fixed set-up for the servo-
loop, which works within the bandwidth stated for them without further adjustment by the
user.

5.2 Signal Conditioner set-up

The signal conditioner provides facilities for the filtering and the amplification of the CTA
signal prior to digitizing by the A/D converter.

5.2.1 Low-pass filtering

Low-pass filtering is used in order to remove noise and to prevent higher frequencies from
folding back (anti-aliasing). The setting of the low-pass filter relates to the highest frequency
in the flow.

Low-pass filtering:

Estimate the highest frequency: f,...
Select the cut-off, frequency:  f,, ;v =2 fru

to the cut-off frequency. M

Spectral pover

Select the filter setting closest

fmax cutoff =2 Tmax

If low-pass filtering is not performed, the energy at frequencies lower than f.,..; will be
contaminated by higher frequencies if the Nyquist sampling criteria is applied. This appears
as a false energy peak in the power spectrum.

5.2.2 High-pass filtering

High-pass filtering is used to clean the signal, if FFT spectra calculation is required. When the
CTA signal fluctuates on a timescale longer than the total length of the data record, it will
give unwanted high frequency contributions in an FFT-based spectrum. Otherwise it should
not be applied.

High-pass filtering: Faw N High-pass fillered
Select the data record length, #,.co.4. g W : W’\ ;Aﬂw \
M
Calculate the high-pass cut-off
5
frequency: f,, ,» =—— Time Time
) 2 ’ trecord

This eliminates waves with a wavelength larger than 2/5 of the record length. Shorter waves will
not be interpreted as erroneous non-stationary contributions to the signal.
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High-pass filtering will make the signal stationary. It should be noted that no spectral
information is available below the cut-off frequency of a high-pass filter.

High-pass filters with a sharp and low cut-off frequency are difficult to establish and
they very often have large phase lags. They should therefore be used with care. A better
solution might be to perform digital filtering of the full data set with, for example, a sixth
order filter.

5.2.3 Applying DC-offset and Gain

DC-offset:

The CTA signal level may be reduced by subtraction of a DC-offset voltage. This is necessary
if the signal moves outside of the range of the A/D board, when a high amplification of the
signal is needed prior to digitizing.

DC-offset procedure:
Determine the minimum value E,,;, of the CTA signal to be measured.
Adjust the DC-offset in the Signal conditioner to: Eype = Epin

Note: Avoid applying DC-offset if possible, as the signal then no longer directly represents the
power transferred from the sensor to the fluid. The usual temperature correction routines are
therefore no longer valid, unless the signal is reconstructed by adding the DC-offset prior to
correction.

Signal amplification (Gain)

The CTA signal may have to be amplified in order to utilise an A/D board with a resolution,
that is too small for the application.

In most low to medium velocity applications with a turbulence intensity above 2% to
3%, a 12 bit A/D board is sufficient without the need for amplification of the CTA signal. A
12 bit A/D board has a resolution of 2.4 mVolts in the 0-10 Volts range. By applying a gain of
16 to the CTA signal prior to digitization the 12-bit resolution is improved to 0.15 mV
corresponding to that of a 16 bit board with CTA gain 1. This is sufficient for measurement of
background turbulence down to approximately 0.1%.

Gain setting procedure:

Determine the required velocity resolution AU in my/s.

Cualculate the mean slope OE/0U of the probe calibration curve in the velocity range of interest:
dE _ E(U,)-EU,)
dU U,-U,

where E(U) is the CTA voltage at the velocity U.

dE
Cualculate the required voltage resolution: AE = AU - —

dU

. AEAD . .
Calculate the gain G as: G = AL where AE 45 is the resolution of the A/D board.
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6. VELOCITY CALIBRATION, CURVE FITTING

Calibration establishes a relation between the CTA output and the flow velocity. It is
performed by exposing the probe to a set of known velocities, U, and then record the voltages,
E. A curve fit through the points (E, U) represents the transfer function to be used when
converting data records from voltages into velocities. Calibration may either be carried out in
a dedicated probe calibrator, which normally is a free jet, or in a wind-tunnel with for
example a pitot-static tube as the velocity reference. It is important to keep track of the
temperature during calibration. If it varies from calibration to measurement, it may be
necessary to correct the CTA data records for temperature variations.

Velocity calibration procedure:

Pitot-static
tube

2

Mount the probe in the calibration rig with the same wire-prong orientation as will be used during
the experiment.

- Single-sensor probes: with the prongs parallel with the flow.

- X-probes and Tri-axial probes: with the probe axis parallel with the flow.
Record the ambient conditions: Temperature, T, , and barometric pressure, Py.
Setting to operate:
1) Calibration with femperature correction:

Switch the anemometer to Operate with the previously established overheat set-up.
2) Calibration with overheat adjustment:

Balance the bridge immediately before calibration and establish a new overheat set-up using
the same overheat ratio a.

Choose min. and max. calibration velocity, U, cqand Upaycar
Choose number of calibration points (a minimum of 10 points is recommended).
Choose velocity distribution (logarithmic distribution is recommended).

Create the velocities and acquire the CTA voltage together with velocity and ambient temperature
in all points.

Research type anemometers may be delivered with automatic calibrators and calibration
routines in their application software, thus offering fully automatic calibrations inclusive of
curve fitting.
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CTA application software packages contain curve fitting procedures, which correct the
voltages and calculates the transfer functions on basis of advanced curve fitting methods
eliminating the need for any data manipulations by the user.

Curve fitting of calibration data (manual procedure):

8] E T Phar Ecamr 22
m's vilts [ Pa wolts
2018 1614 50| 100652]  1RI15 /"
2622] 1661 60| 100654 1 GB2 21 et
336 1705 260] 10086 1706 /
4360] 1758 250] 100.663] 1759 2
5621|1813 2659] 0066|1814 P
7324 1878 259 100884 1877 £19 Palynarmial fit B
5375 1.533 255] 100.652 .54 El / [Sensor 1]
12121 201 258] T00.652] 2011 w18 C[0= -45.5795]
15364 208 259 100657] 2081 / Cl= 104.5457
m| 2 16R 250] 100657 2167 1.7 C[2= 82.1772|—
/ C[3= 221228
16 Cla= 0000005
15 |
0.000 5.000 10.000 15.000 20.000 25.000
U, mis

Arrange the probe data in a table, for example in Excel, containing velocity U, CTA voltage F,
fluid temperature T, and pressure Pj.

Correct the voltages E for temperature variations during calibration, see Chapter 8.1.2.

Polynomial curve fitting:
Plot U as function of E,,,,

Create a polynomial trend line in 4" order:

4 C,E e F *, Co to C, are calibration constants.

U = CO + Cl E corr + C2 E coor corr corr ?

The polynomial curve fit is normally recommended, as it makes very good fits with
linearisation errors often less than 1%.

Note: Polynomial curve fits may oscillate, if the velocity is outside the calibration velocity
range.

Power law curve fitting:

Plot E? as function of U" in double logarithmic scale (#=0.45 is a good starting value for wire
probes).

Create a linear trend line. This will give the calibration constants 4 and B in the function:
E*=A4A+B-U" (King’s law [15])
Vary n and repeat the trend line until the curve fit errors are acceptable.

Power law curve fits are less accurate than polynomial fits, especially over wide velocity
ranges, as n is slightly velocity dependent.

Velocity calibration of X-probes and Tri-axial probes:

The calibration velocity range must be expanded with respect to the velocity limits expected
during the experiment thus making sure that the curve fit is valid over the full angular acceptance
range of the probes. U,y ey and U,y ey are peak values.

Umin,cal Umax,cal
X-probes 0.1 Upinexp 1.5 Upax.enp
Tri-axial probes 0.15° Upinexp 1.6° Upax.exp
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7. DIRECTIONAL CALIBRATION

Directional calibration of multi-sensor probes provides the individual directional sensitivity
coefficients (yaw factor k and pitch-factor /) for the sensors, which are used to decompose
calibration velocities into velocity components.

Note: In many situations, where optimal accuracy is not needed, the manufacturer’s default values
for k and h can be used, eliminating the need for individual directional calibration.

7.1.1 X-array probes

The yaw coefficients, k; and &, are used in order to decompose the calibration velocities U.,;;
and U,,; from an X-probe into the U and ¥ components.

Directional calibration of X-probes requires a rotation unit, where the probe can be
rotated on an axis through the crossing point of the wires perpendicular to the wire plane.
Calculation of the yaw coefficients requires that a probe coordinate system is defined with
respect to the wires (see the sketch below), and that the probe has been calibrated against
velocity.

X-probe calibration procedure:

Define probe coordinate system (X, Y) with respect to wire 1 and 2 as shown below:

=1 =1t=1t=1
~y
=1
~i

RN

E1,E2  wolts

o
=)
b=
[x}

wir|=
(=1 t=11=11=1

3

19
Alfa Ei £z EZ\“\.\ /c’/‘_"
de wolts wolts
4 707 .98 185
737 892
EZ
813 864 18
843
872 805
886 768 175
893 727 E/ \
896 703
17 -
50 40 30 20 -0 0 40 20 30 40 &0
alfa, deg.

Mount the probe in the rotating holder oriented as shown above.

Estimate the maximum angle &, , which is expected in the experiment between the velocity
vector U, and the probe axis. In most cases ¢, is selected to = 40°.

Select the number of angular positions for the calibration.
Expose the probe to the middle calibration velocity Uy coi= 1/2(Unin,cart Uma.cat)
Rotate the probe to the -a,,.. position and acquire the voltages £; and £, from the two sensors.

Check that E1 is bigger than E, and that £, increases, while £, decreases, when the probe is moved
to next angular position. If not turn the probe180° around its X-axis and start again.

Read E; and E, in each angular position.

Calculate the squared yaw factor k,” and k,’ for sensor / and sensor 2 in each position using the
equations in Chapter 8.1.4.

Calculate the average of the k;” and k,” ,respectively, factors and use them as sensitivity factors for
the two sensors.
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7.1.2 Tri-axial probes

The directional sensitivity of tri-axial probes is characterised by both a yaw and a pitch
coefficient, k and 4, for each sensor. Calibration of tri-axial probes requires a holder, where
the probe axis (X-direction) can be tilted with respect to the flow and thereafter rotated 360°
around its axis. Proper evaluation of the coefficient requires that a probe coordinate system is
defined with respect to the sensor-orientation. Directional calibration is made on the basis of a
velocity calibration.

Tri-axial probe calibration procedure:

Define a probe coordinate system (normally use the manufacturer’s suggestion):

X Rotati ; Alfa E1 E2 E3
olalion angle o deg volts volts volts

0 1983 1.841 1.963

15 1.98 1.807 1.981

30 1975 1.769 1.995
Yaw angle [ (= [NCEEE ]
205
2
- /EDT‘ W
S 185
- S RV
o
w 18
z - z N AN
=185
4 4 N S A
18
=
u Y 175 \"‘/ o
u 030 B0 A0 120 150 180 0 240 270 300 330 360
Rotation angle,degree

(nohf hand projection)

Slu 1o 1.868 [y
315 1985 1.944 1.865
330 1.986 1.916 1.908
345 1.9868 1.882 15938

Mount the probe in the rotating holder with the probe axis in the flow direction and wire no. 3 in
the XZ plane of the calibration unit system, corresponding to o=0.

Estimate the maximum angle /3, , which is expected in the experiment between the velocity
vector and the probe axis. In most cases [, is selected to 30°.

Select the number of angular positions ¢ for the calibration, normally 24 corresponding to 15°
steps.

Expose the probe to the mid calibration velocity range Uyi.car= 1/2*(Upin cart Umax.car) and acquire the
voltages E; , E, and E; from the three sensors.

Tilt the probe to the 3, position with =0 and acquire E; , E, and E.
Rotate the probe and acquire E; , E> and E; in all o~positions.

Calculate the squared yaw factor k;” , k,° and k5 and pitch factors for sensor / , 2 and 3 in each
position using the equations in Chapter 8.1.5.

Calculate the average of the k’- and h’-factors and use them as sensitivity factors for the three
Sensors.

Note: Directional calibration normally only needs to be carried out once in a probe’s lifetime, as it
depends only on the geometry, which will not change in use.
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8. DATA CONVERSION

It is advised to define the data conversion prior to running the experiment. Data conversion
transforms the CTA voltages into calibration velocities in m/s by means of the calibration
transfer function. Multi-sensor probes are furthermore decomposed into velocity components
in the probe coordinate system. If it differs from the laboratory coordinate system, the
velocity components are finally transformed into the laboratory coordinate system.

Data conversion consists of the following processes:

1. Re-scaling of acquired CTA Only if Signal Conditioner gain and offset have been

output voltages (raw data) applied.

2. Temperature correction Only if sensor temperature has been kept constant
during experiment (no overheat adjust).

3. Linearisation Only if data reduction in amplitude domain is required.

4. Decomposition into velocity Only for X-probes and Tri-axial probes.

components

Commercial CTA application software contains modules for data conversion, where raw data
are converted into velocity components according to the scheme above. Unless special
conditions prevail, it is recommended to use such dedicated software packages.

8.1.1 Re-scaling:

When a CTA signal has been subject to a DC-offset and amplification between overheat set-
up and calibration, it has to be re-scaled before it can be linearised.

Re-scaling of CTA-signals:

Calculate the re-scaled voltage E from the acquired voltage E:

po fa _
 Gain ="

28



8.1.2 Temperature correction:

If the overheat ratio has not been adjusted prior to the data acquisition, the CTA output
voltage must be corrected for possible temperature variations before conversion. The fluid
temperature needs then to be acquired along with the CTA signal.

Temperature correction of CTA voltages:
Acquire the fluid temperature, T, , together with the CTA voltage, E..
Calculate the corrected CTA voltage, E.,, ,from:

0.5

T, —-T

Ecorr = - ” ) Ea [60]
Tw _Ta

where:

E, = acquired voltage

T,, = sensor hot temperature = &a,+T)

T, = ambient reference temperature related to the last overheat set-up before calibration
T, = ambient temperature during acquisition

This expression can be used for moderate temperature changes in air %=+5°C. The useful
range may be expanded by reducing the exponent n from 0.5 to 0.4 or 0.3.

8.1.3 Conversion into calibration velocities (linearisation)

The CTA voltages are converted into velocities by inserting the acquired voltages into the
calibration transfer functions after re-scaling and temperature correction, if needed. The
simplest and most accurate transfer function is the polynomial, at least in the case of a wide
dynamic velocity range.

The velocities are calculated as if the velocity attacked the probe under the same angle
during measurement as during calibration.

Polynomial linearisation of CTA voltages:

Insert the acquired CTA voltage (after possible corrections) into the polynomial:
U=C,+CE, +C,E, >+CE,  +CE, "

corr
where Cj to C,are the calibration constants.

corr coor corr

Note: Do not use the polynomial linearisation function outside the calibration range, as it may
oscillate.

Power law linearisation of CTA voltages:

Insert the acquired CTA voltage (after possible corrections) into the function:
1

(5

where A, B and n are the calibration constants.
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8.1.4 X-probe decomposition into velocity components U and V

In 2-D flows measured with X-probes, the calibrated velocities together with the yaw
coefficient &° are used as intermediate results to calculate the velocity components U and ¥ in
the probe coordinate system.

The yaw coefficients for the two sensors may be the manufacturer’s default values, or if

higher accuracy is required they are determined by directional calibration of the individual
sensor. In simple cases, the coefficients may be neglected.

Decomposition of X-probe voltages into U and V:

Calculate the calibration velocities U.,; and U,,;; using the linearisation functions for sensor 1 and
2.

Decomposition with yaw coefficients k; and k; :

Manufacturer’s (Dantec Dynamics) default values for Yaw-coefficients, k*:

Calculate the velocities U; and U, in the wire-coordinate system (1,2) defined by the sensors
using the two equations:

KUZ U =%-(1+k12)-U 2

call

U12 +k22U22 _%' (1+k22)'Uca122

which gives:

U, :%'\/(l"’kzz) Uca122 kzz Uca112
\/_ \/(1+k ) callz _k12 'Ucalzz

Calculate the velocities U and V in the probe coordinate system (X, Y) from:

V2 N2,

U=—U+
2
V_£U_£
2 2

=k,
Miniature wire probes: 0.04
Gold-plated wire probes: 0.0225
Fiber-film probes for air: 0.04
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8.1.5 Tri-axial probe decomposition into velocity components U, V and W

In a 3-D flows measured with a Tri-axial probe the calibration velocities are used together
with the yaw and pitch coefficients &” and 4” to calculate the three velocity components U, V
and W in the probe coordinate system (X,Y,Z).

The yaw and pitch coefficients for the three sensors may be the manufacturer’s default
values, or if higher accuracy is required they are determined by directional calibration of the
individual sensors.

Decomposition of Tri-axial probe voltages into U, V and W:

Calculate the calibration velocities U.q; , Ucarz U.qi3 using the linearisation functions for sensor 1, 2
and 3.

Decomposition with individual yaw and pitch coefficients:

Calculate the velocities U, , U, and U; in the wire-coordinate system (1,2,3) defined by the sensors
using the three equations:

KU +U +07 U =4k 87 ) cos?353-U,,°

call
Uk US +US =(+k 48, ) -cos?353-U,,°
U +h U2+ kU = (0 k + 0,7 ) cos?35.3-U,,0

With the £’=0.0225 and , #’=1.04 default values for a tri-axial wire probe, the velocities U;, U, and
U; in the wire coordinate system becomes:

U = \/—0.3676-U *40.3747-U,,, +0.3453.U, )

call c

U, =4/0.3453-U > —0.3676U,,,> +0.3747-U,,,,"

U, =4/03747-U > +0.3453-U,,,> —0.3676-U

call
Calculate the U, V and W in the probe coordinate system:

U=U, -cos54.74+U, -cos54.74+ U, -cos 54.74
V=-U,-cos45-U, -cosl35+U, -cos90
W=-U, -cosl14.09-U, -cos114.09 - U, - c0s35.26

Manufacturer’s (Dantec Dynamics) default values for k* and h’:

K n
Gold-plated wire sensors: 0.0225 1.04
Fiber-film sensors for air: 0.04 1.20
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9. DATA ACQUISITION

The CTA signal is a continuos analogue voltage. In order to process it digitally it has to be
sampled as a time series consisting of discrete values digitized by an analogue-to-digital
converter (A/D board).

The parameters defining the data acquisition are the sampling rate SR and the number of
samples, N. Together they determine the sampling time as T=N/SR. The values for SR and N
depend primarily on the specific experiment, the required data analysis (time-averaged or
spectral analysis), the available computer memory and the acceptable level of uncertainty.
Time-averaged analysis, such as mean velocity and rms of velocity, requires non-correlated
samples, which can be achieved when the time between samples is at least two times larger
than the integral time scale of the velocity fluctuations. Spectral analysis requires the
sampling rate to be at least two times the highest occurring fluctuation frequency in the flow.
The number of samples depends on the required uncertainty and confidence level of the
results.

Time averaged analysis:

Estimate the following expected quantities in the flow:

Signal

velocity U [m/s ] , turbulence intensity Tu [ %] ,
and integral time-scale 7; [ seconds] (see
Chapter 10.2).

T 1 1 1 T f

. 1
Select the wanted uncertainty and confidence level: 1 SR 2Ty or SR < 27,

uncertainty u, %, in U

confidence level (1-a), %

Calculate the sampling rate SR:

1
SR < o (gives uncorrelated samples)
1

z/2 (1-a) %
Calculate the number of samples N: 1.65 90

) 1.96 95
Nz(l-(z"j-TuJ 2.33 98
u \ 2

where z,/2 is a variable related to confidence level (1-a) of the Gaussian probability density
function p(z).

Sampling rate SR for time spectral analysis:

Calculate the sampling rate SR:

Signal

SR =2- f, .. (Nyquist critria with £, based on
an oversampled time series), or

SR=2-f,, ,; (based on low-pass filter set-up),
' t
S12T, orSR>2f,

or 1 T |1|

;
i SR

SR=25-f,, _,; (thefactor2.5 adopts to a

non-ideal low-pass filter, which does not set the
signal to zero at the cut-off frequency [57]).
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10. DATA ANALYSIS

As the CTA signal from a turbulent flow will be of random nature, a statistical description of
the signal is necessary. The time series can be analysed or reduced either in the amplitude
domain, the time domain or in the frequency domain. The following procedures all require
stationary random data.

CTA application software contains modules that perform the most common data
analysis, as defined below. The standard procedure is to select the wanted analysis and apply
it to the actual time series. The reduced data will then be saved in the project and be ready for
graphical presentation or for exporting to a report generator.

10.1 Amplitude domain data analysis

The amplitude domain analysis provides information about the amplitude distribution in the
signal. It is based on one or more time series sampled on the basis of a single integral time-
scale in the flow. A velocity time series represents data from one sensor, converted into a
velocity component in engineering units.

A single velocity time series provides mean, mean square and higher order moments.

Moments based on a single time series:

1 N
Mean velocity: U, oun =— Z U,

N5
Standard deviation

| 0.5

of velocity: u,,= —Z (U i U ean )2

N - 1 1
Turbulence intensity:  Tu = U = Skewness p

3
Skewness: Sziw ___\CJ[__\_\_%_
1

N.-o’ i
YU -u )
Kurtosis (or flatness): K = z(’—'”i””) Kurtosis X
1 N ° O'
where the variance o is defined as: _A_ wiva ;\]ﬂ[ ;
: o f___Ulf_ M o)
5\
o = ZN: (Uz _Umean) f
1 N _1

The Skewness is a measure of the lack of statistical symmetry in the flow, while the Kurtosis is a
measure of the amplitude distribution (flatness factor).
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Two simultaneous velocity time series provide cross-moments (basis for Reynolds shear
stresses) and higher order cross moments (lateral transport quantities), when they are acquired
at the same point. If they are acquired at different points they provide spatial correlations,
which carries information about typical length scales in the flow.

Moments based on two time series:

_ N
Reynolds shear stresses: uv = %Z w.-u,.)V.-V,..)
1
J— 1 N
— ) U, -U W.—
u N Z ( mean ) ( maan )
o N
=V, ) = W,)
N5
R N
Lateral transport quantities: y = %Z w,-u,,., )2 W, =V,0)
]
SN 2
u = Z (Uz - Umean ) (VVZ - Wmean )
N5
N 1 N
Vzu N z (V Vmean ) (Ul - Umean )
N5
R 1 N
V2 = _Z (Vl - Vmean ) (W Wmean )
N3
1 N
Wzv = WZ (VVI - Wmean ) (V Vmean )
1
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10.2 Time-domain data analysis

The most often applied time-domain statistic is the auto-correlation function, R,(7), from
which the integral time-scale can be calculated. This is an important quantity, as it defines the
time interval between statistically uncorrelated samples.

In most CTA application software with data reduction features, the auto-correlation
coefficient function is normally calculated and graphically displayed. It starts with the value 1
at time zero, drops down to zero and normally continues oscillating around zero. A reasonable
estimate of 77 is the time it takes the coefficient to drop from the unity start value to zero.

Auto-correlation function and integral time-scale:
Requires a long time series x(?) sampled according to the Nyquist criteria.
Auto-correlation function:

‘ 1 T . 1.? 1
Rx(T)=;1_r>l;lo?!X(t)-x(l‘+T)'dt 2]
s 0.4 \\\
Integral time-scale: T, = .[ P, (T) dT ”'é S~
0 02 " ; ;
where the auto-correlation 0 om - noz 003
o R_(7)
coefficient is defined as: P, (Z') =27
R, (0)

Note: Auto-correlation can be made on non-linearised raw data.

10.3 Spectral-domain data analysis

Spectral analysis can be used to provide information about how the energy of the signal is
distributed with respect to frequency.

1078

2.6
107

2.4

T MnﬂrJ
g LU LULAL R
\“'W

1.4

10"

spectral power

Output E, volts

0 0.005 0.01 0.015 0.02

) 10~ T T
time, sec. 10 {00 1000

frequency Hz

Power spectrum of the flow behind a circular cyunaer.

The analysis can be performed on raw, non-linearised signals, provided they are sampled
according to the Nyquist criteria. The accuracy of the spectra depends on the algorithm used
and on the number of samples, which normally must be high. There exist a number of different
algorithms for the calculation of spectra mostly based on Fourier transforms, which produce
values of discrete frequencies within sub-records of the signal. Normally CTA application
software contains routines for spectral analysis.
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11. RUNNING AN EXPERIMENT

The experiment can be executed when system set-up, probe calibration, data acquisition set-
up, and data reduction (algorithms for data analysis) have been established. Prior to running
the experiment it is advised to verify the complete set-up by performing measurements in a
known part of the flow. Probe calibrations before and after the experiment are advisable in
order to check probe stability.

11.1 General procedure:

Before the experiment can start, the measuring system must be configured, the CTA bridge
and Signal Conditioner set up and the data acquisition and data reduction defined in
accordance with the flow characteristics.

Running an experiment, general procedure:

Calibrate the probe(s). It is always recommended to calibrate the probe immediately before and
after an experiment.

Verify the set-up:
Position the probe in a part of the flow, which is reasonably well known, and acquire data in
one or more points.
Perform data reduction in both amplitude and spectral domain (Umean, Urms and Power
Spectra as minimum).
Compare with expected values.
Check stability of statistics by comparing results from data records of different lengths.
Adjust data acquisition set-up (sample rate SR and number of samples N), if need be.

Position the probe in the flow together with a temperature probe, if temperature correction of data
is required.

Move the probe to the proper position in the traverse grid (if employed).

Acquire the CTA output voltages together with other signals needed for correction or control and
move to next position.

Analyse (reduce) data before the experiment is shut down, if possible.
Re-calibrate the probe after the experiment and compare with previous calibration. This can be

done in practice by reducing the same raw data set by means of the two calibrations and compare
the results.

Note: If the calibration drifts linearly with time during an *H:Qf Cal 1
experiment, the drift may be compensated for by using a new i Average Cal.
transfer function based on the averages of velocities £ .
calculated from identical voltage values inserted into the ]

transfer functions from the first and the second
calibrations.U,,=(U;+U»)/2=(fea(E1) Hfea2(E1))/2.

Ui Uav U2 U s
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11.2 Experimental procedure in non-isothermal flows:

As the CTA anemometer is sensitive to variations in ambient temperature, as well as velocity,
it is often necessary to make special precautions in non-isothermal flows in order to eliminate
errors in the measured velocity due to temperature variations. The error in the velocity
measured with a wire probe in air is approximately 2% per 1°C change in air temperature.
The measured velocity decreases with increasing temperature and vice versa.

This error may be avoided by setting up the CTA bridge and correcting the data in one
of the following ways:

1. Operate the probe with a constant sensor temperature (obtained by leaving the decade
resistor in the CTA fixed during calibration and data acquisition) and correct the CTA
voltage before linearisation and data reduction. The ambient temperature must be acquired
simultaneously with a temperature sensor, which is fast enough to follow the temperature
variations.

2. Operate the probe with a constant overheat ratio (obtained by adjusting the overheat ratio
before each calibration and data acquisition). This requires that the ambient temperature
remains constant (or nearly constant) during the time it takes to perform a data acquisition.

CTA set-up and Data conversion in non-isothermal flows:

Constant sensor temperature (fixed decade resistance) with temperature correction of data:
Adjust the overheat ratio a at a known ambient temperature 7.
Leave the CTA bridge and make no more overheat adjustments during the experiment or
during recalibrations (disable “automatic overheat adjust” in StreamLine).
Calibrate the probe and measure temperature in each calibration point. Correct the raw
voltages to 7,.,and make a curve fit.
Position the probe in the test rig and acquire the CTA voltages, E, ,and ambient temperature,
T, ,as close to the probe as possible.
Correct the raw CTA voltages (see Chapter 8.1.2) before further conversion (linearisation)
and reduction.

Constant overheat ratio without temperature correction of data:
Adjust the overheat ratio, a, at a known ambient temperature 7,.(Enable “Automatic
overheat adjust” in StreamLine).
Calibrate the probe at 7, and make a curve fit.
Position the probe in the test rig and re-adjust the overheat ratio, @, at the new ambient
temperature.
Acquire the CTA voltages E.
Convert (linearise) and reduce the raw CTA voltages without any prior corrections.
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12. DISTURBING EFFECTS

Measurements with hot-wire anemometers are influenced by a number of disturbing effects.
In fact any change in a parameter that enters into the mechanism of heat transfer from the wire
to its surroundings may act as a disturbing effect and reduce the accuracy of the measurement
result. The effects may be related to the flow medium and sensor condition. For special effects
from e.g. natural convection, wall nearness etc. please refer to the Chapter 14.

12.1 Flow related effects:

12.1.1 Temperature:

Temperature variations are normally the most important error source, as the heat transfer is
directly proportional to the temperature difference between the sensor and the fluid. For a
wire probe operated under normal conditions, the error in measured velocity is approx. 2%
per 1°C change in temperature. For film probes in water the error may be up to 10% per 1°C.
In both cases the measured velocity decreases with increasing ambient temperature.

Different precautions can be taken in order to avoid systematic conversion errors when
probe voltages are converted into velocities. One solution is to readjust the overheat resistor to
the changed temperature, so that overheat ratio is kept constant from calibration to
measurement. Another solution is to leave the overheat resistor constant, measure the
temperature and correct the probe voltage. See Chapter 11.2 Experimental procedure in non-
isothermal flows. A special case is the temperature-compensated wire probe with build-in
temperature-sensitive overheat resistor which measures velocity independent of temperature
variations.

12.1.2 Pressure:

Pressure variations:

Pressure variations enter directly into the heat transfer equation, as the probe in fact measures
the mass flux p-U. Normally probes are calibrated against velocity only. As pressure
variations from calibration to experiment and during an experiment are normally small, the
pressure influence in the CTA measurements is normally neglected.

Pressure range:

The lower limit for pressures, at which a probe can be used, are determined by the slip-flow
conditions defined by the Knudsen number Kn (ratio between molecular mean free path and
sensor diameter should be smaller than 0.01). For a 5 ym wire probe at atmospheric
conditions Kn=0.02. Provided density variations are small the flow is considered to be a
continuum, and pressure effects are normally neglected.
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12.1.3 Composition:

In most cases the fluid composition remains constant during calibration and experiment, and it
is of no importance. In air one normally experiences variations in water vapour content
(humidity). The influence is very small, less than 1%, and is almost always neglected.

12.2 Sensor conditions

12.2.1 Contamination:

Particle contamination reduces the heat transfer resulting in a downward drift in the
calibration. The influence of particle contamination increases with decreasing sensor surface.
Wire probes with 5 pum sensors can be used without problems in normal laboratory air, if they
are recalibrated at regular intervals. Fiber-film probes are less susceptible and can be used,
e.g. in outdoor applications without problems. If the calibration drifts significantly, it may be
necessary to clean the sensor.

Contamination is a much bigger problem in liquid flows than in gas flows. This means
that film probes with non-cylindrical sensors should always be preferred for fiber-film probes
whenever possible, unless a careful filtering of the water is carried out.

12.2.2 Sensor Robustness:

Normally all probes will survive almost any experiment, when safely placed in the test rig. By
far the most damages to sensors happen during handling. It is, however, wise to take the
robustness of the probe into consideration before it is selected for a particular application. In
general the robustness increases with the size of the sensor.

12.2.3 Sensor orientation:

The effect of sensor orientation is neglectible as long as the sensor is placed identically with
respect to the flow during calibration and measurement. The misalignment is normally so
small that it may be neglected as an error source.
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13. UNCERTAINTY OF CTA MEASUREMENTS

Current standards refer to the ISO uncertainty model which combines uncertainty
contributions U(y;) from each individual input variable x; into a total uncertainty at a given
confidence level. The output variable is defined as y;=f(x;).

The relative standard uncertainty u(y;) is a function of the standard deviation of the
input variance:

u<yi>:i.s.(&j

Vi k;

1

where S= 0y/0x; is the sensitivity factor and %; is the coverage factor related to the
distribution of the input variance (Gaussian, rectangular etc.).

As most engineering applications are assumed to have a Gaussian error distribution, the
95% confidence level normally required is achieved by multiplying the standard uncertainty
with the coverage factor £=2. The total relative expanded uncertainty then becomes:

Utor) =2/ u(y,)?

The uncertainty of the results obtained with the CTA anemometer is a combination of
the uncertainties of the individually acquired voltages converted into velocity and the
uncertainty of the statistical analysis of the velocity series. The following chapters provide a
guide on how to estimate the uncertainties of CTA measurements under normal conditions.

13.1 Uncertainty of a velocity sample

This chapter presents the uncertainty of a single velocity sample acquired via an A/D board
from a CTA anemometer with a single-sensor probe. The uncertainty of each individual
velocity sample is determined by non-statistical means based on detailed knowledge about the
instrumentation, calibration equipment and experimental conditions. The uncertainties
presented below are relative standard uncertainties.

13.1.1 Anemometer

Drift, noise, repeatability and frequency response:

Commercially available anemometers have low drift, low noise and good repeatability so that
these factors do not add significantly to the uncertainty in comparison with other error
sources. In certain applications, e.g. dissipation measurements, the high frequency noise of the
anemometer may be of importance.

The frequency characteristic of the anemometer will not add to the uncertainty, when
the frequencies in the flow are below approximately 50% of the cut-off frequency (from the
square wave test), as the characteristic is normally flat up to this point.
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13.1.2 Calibration/conversion

Calibration equipment:

The calibration, whether it is performed with a dedicated calibrator or with a pitot-static tube
as reference, constitutes a major source of uncertainty. The error is stochastic with a normal
distribution and the relative standard uncertainty can be expressed as:
1
U(Uca/ ) = ’ STDV(Uca/ibrator (%))
100

The calibrator uncertainty is often given as a relative standard uncertainty, a.,; , in

percent plus a constant contribution b.,; in m/s :

STDV(U,uer ) = £a(%)+beal(m/ s)
The constant contribution b.,; may be normally neglected at velocities above 5 m/s.
Acal %0 bear m/s
Good dedicated calibrator +1 +0.02
Pitot-static tube with calibrated micro-manometer +2%
(Uca>2 m/s)

Linearisation (Conversion)

The linearisation uncertainty is related to the curve fitting errors. It is stochastic with a normal
distribution and its relative standard uncertainty can be calculated from:

UWU,,)= 100 STDV(8U,, (%)

where STDV(4Uy;,) is the standard deviation of the curve fitting errors in the calibration
points in %.

13.1.3 Data acquisition related uncertainties

A/D board resolution

The resolution uncertainty is stochastic with a square distribution and its relative standard
uncertainty can be expressed as:

v, )=-L. L. Ep U

where E p is the A/D board input range, 7 is its resolution in bits, U the velocity and 0U/OE is
the slope (sensitivity factor) of the inverse calibration curve, U=f(E).
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13.1.4 Uncertainties related to experimental conditions

Probe positioning
The positioning uncertainty relates to the alignment of the probe in the experimental set-up

after calibration. The uncertainty is stochastic with a square distribution and its relative
standard uncertainty can be expressed as:

U(Upas)zi-(l—cosﬁ)

NE)

Normally a probe can be positioned with an uncertainty 46=1°.

Temperature variations

Temperature variations from calibration to experiment or during an experiment introduce
systematic errors. If not corrected, a change in temperature changes the sensor over-
temperature and contributes as a stochastic uncertainty with rectangular distribution. The
relative standard uncertainty is:

0.5
:L.L.;.(é.U_O-S +1j

VW)= 577

where T, is the sensor temperature, 7) the ambient reference temperature, and A7 is the
difference between the ambient reference temperature and the temperature during the
measurement.

This estimate is based on the power law calibration function:

E*=(1,-1,)-(4+B-U,)°)=(, -1,)- 4+ B, -(p-U)")

Since the velocity U, actually represents the mass flux, pU, variations in density, p, with
temperature will add to the uncertainty, if not accounted for. In gases, this gives following
relative standard uncertainty:

1 1 AT

—Ap,, = — ——
3 Por J3 273

uv,,)=

Ambient pressure variations

Ambient pressure changes also influence the density and hence the calculated velocity. It
contributes as a stochastic uncertainty with rectangular distribution with following relative
standard uncertainty:

0, )= s

Gas composition, humidity

Under normal conditions changes in gas composition are mainly caused by changes in
humidity. The uncertainty is stochastic with a rectangular distribution having a relative
standard contribution of:
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= AP
J3 UoP "

The influence on the heat transfer is very small, JU/dP,,, =0.01-U per 1 kPa change in water

vapour pressure P,,.

13.1.5 Velocity sample uncertainty

The relative expanded uncertainties on a single velocity sample obtained with a single-sensor

hot-wire probe in air, can be summarized in the following table:

Input data are: T,,-Tp=200 °C, U=15 m/s, A=1.396, B=0.895, JU/dE=46.5 m/s/volt

Source of Input Typical Relative output varians Typical Cover- | Relative
uncertainty variants value value age standard

factor uncertainty

1 1 I 1
. Av. —- Ay, Ay,
Ax; Ax; U Vi v k k U Vi
Calibrator AU, 1% 2-STDV(100-4U.4) 0.02 2 0.01
Linearisation AUy 0.5% 2:STDV(100-4Uy) 0.01 2 0.005
A/D resolution Eip 10 volts i EAD ‘ U 0.0008 \3 0.0013
n 12 bit u 2" OE
Probe 0 1° 1-cos@ 0.00015| 3 ~0
positioning
Temperature AT 1°C 1 AT A4 05 0.013 V3 0.008
variations" — 1—=-U 77 +1
v\, -T 0 B
Temperature AT 1°C AT 0.004 V3 0.002
variations® Py
273
Ambient AP 10 kPa P 0.01 V3 0.006
pressure 0
By +AP
Humidity AP,,, 1 kPa 1 oU AP 0.0006 V3 =0
U op,, "
. 3 11 ?

Relative expanded uncertainty™ : U(Usample) = 2 - Z ;-E-Ayi = 0.030=3%

Table 1. Error sources and uncertainties for a single velocity sample acquired with a CTA under
typical experimental conditions including calibrator uncertainty.

1)  Uncertainty due to change in sensor overtemperature alone.

2)  Uncertainty due to change in air density with temperature alone.

3) The two uncertainties from temperature variations are inter-correlated and should be added arithmetically before
they are added geometrically to the other uncertainties.
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From above example it appears that the voltage from a CTA with a wire probe can be
acquired and converted into a velocity sample with an uncertainty of approximately 1 % with
a 95% confidence interval with reference to the calibration and neglecting the uncertainty of
the calibrator itself. When the uncertainty of calibrator is included, the uncertainty of a
velocity sample increases to typically 3%. The major contributions come from the calibrator,
temperature variations in the flow and the linearisation (curve fitting). Variations in
atmospheric pressure may also play a role.

13.2 Uncertainty of reduced data

The uncertainty of reduced data (mean velocity, standard deviation of velocity etc.) depends
on the uncertainty of the individual samples as described in chapter 11.1 and on how true the
data represents the flow. As the data presents a random process the choice of sampling rate
and number of samples is most important for the uncertainty due to the sampling process. The
criteria for this choice are shortly described in Chapter 9, where it is demonstrated how the
number of samples can be calculated on the basis of known turbulence intensity, and the
required uncertainty and confidence level.

For further reading please consult the literature.

14. Advanced topics

Very low velocities

At very low velocities the heat transfer from the wire is governed by natural convection. This
means that the cooling not only depends on the magnitude of the velocity but also its
orientation with respect to the gravity field. The influence of natural convection starts around
0.2 m/s for wire probes and takes over completely around 0.03-0.04 m/s. In this range it is
important that the probe has the same orientation with respect to the velocity field during
calibration and measurement [22].

High velocities, compressible flows
At high velocities the flow becomes compressible and effects from compressibility should be
taken into account. In practice this means that pressure and velocity should be measured

simultaneously. The correction is quite complicated and is very often neglected [33],[48],
[55].

Rarified flows (low pressures)

When the pressure decreases the mean free path of the molecules increases. If the Knudsen
number Kn (free mean path divided by wire diameter) gets larger than 0.01, the heat transfer
becomes a function of both velocity and Knudsen number (or pressure). For a 5 micrometer
diameter wire the Kn is around 0.02 at atmospheric conditions. If lower pressures occur, it
should be considered to use fibre-film probes instead of wire probes [8].
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Wall effects

When the wire is placed close to a solid wall, heat will be conducted through the flowing
medium to the wall. If not corrected for this will cause the velocity to be measured too high.
The wall influence starts at y+ < yUt/v = 3.5 (y= distance to the wall, Ut =friction velocity
and v=kinematic viscosity). The critical wall distance is typically 0.1 to 0.2 mm depending on
free stream velocity [53], [62], [22].

Very high turbulence, revering flows

If the turbulence is very high, above 30% or more, or in reversing flows, where the velocity
vector falls outside the opening angle of the sensor array, the results will be incorrect. Such
flows can be measured correctly with flying hot-wire systems, where the probe is moved
through the flow field with a speed high enough to move the resulting velocity vector inside
the opening angle. After linearisation the flying speed is subtracted from the longitudinal
velocity component [52], [56].

Wall shear stress

Wall shear stress can be measured with flush mounting film probes mounted in the wall. The
heat transfer can then be expressed as a function of the wall shear stress. The probes have to
be calibrated in a known shear. It should be noted that the secondary heat transferred to the
wall changes the frequency response of wall mounted probes as compared to freely mounted
film probes [25], [37].

Two-phase flows

As the heat transfer is much bigger in liquids than in gases, a hot wire (or hot-film) will
clearly distinguish between liquid and gas phase. This can be utilised to measure the passage
of for example air bubbles in water [20].

Binary mixtures

The heat transfer to gases depends to some extent on the heat conductivity of the gas. The
heat transfer from a wire can therefore be used to measure the concentration in binary
mixtures. This is done in practice by placing the wire in a sonic nozzle (aspirating probe),
where the probe is exposed to a constant velocity independent of the free stream velocity and
therefore primarily responds to changes in heat conductivity [44].
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15. THE CTA ANEMOMETER, BASIC PRINCIPLES

The hot-wire anemometer was introduced in its original form in the first half of the 20th
century. A major breakthrough was made in the fifties, where it became commercially
available in the presently used constant temperature operational mode (CTA). Since then it
has been a fundamental tool for turbulence studies. The measurement of the instantaneous
flow velocity is based upon the heat transfer between the sensing element, for example a thin
electrically heated wire or a metal film, and the surrounding fluid medium. The rate of heat
loss depends on the excess temperature of the sensing element, its physical properties and
geometrical configuration, and the properties of the moving fluid. A hot-wire anemometer
provides reliable information on the fluctuating flow component in both the space and time
domains.

15.1 Characteristics of the hot-wire sensing element

15.1.1 Static characteristics - stationary heat transfer

The relationship between the fluid velocity and the heat loss of a cylindrical wire is based on
the assumption that the fluid is incompressible and that the flow around the wire is potential.
When a current is passed through wire, heat is generated (FR,). During equilibrium, the heat
generated is balanced by the heat loss (primarily convective) to the surroundings. If the
velocity changes, then the convective heat transfer coefficient will also change resulting in a
wire temperature change that will eventually reach a new equilibrium with the surroundings.

The experimentally obtained static calibration curve is typically plotted as hot-wire
voltage versus flow velocity. It may be described by a power law relationship given in terms
of the non-dimensional parameters Reynolds number, Re, Nusselt number, Nu, and the
Prandt] number, Pr. Empirically this type of dependency is valid for 0.01<Re<10*[15].
Actually the heat loss is influenced by a number of other factors like: natural convection at
very low velocities, compressibility effects at high velocities, density effects at low pressures.
Please refer to the Hot-wire literature concerning these more specialised matters.

15.1.2 Dynamic characteristics, frequency limit.

The hot-wire response can be derived from the nonstationary heat balance equation. When
exposed to changes in flow velocity the wire will not react instantaneously due to its thermal
inertia. This will dampen the variations in wire resistance R,, (and in wire voltage) and result
in flow fluctuations being measured smaller than they actually are. The wire response alone is
far too slow for most turbulence studies, and compensation in the electronics of the
anemometer is therefore necessary. By using the Constant Temperature Anemometer
principle, whereby a feed-back amplifier keeps the sensor resistance constant independent of
variations in U, the frequency limit may be increased up to 1000 times or more [10], [12].
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Governing equation:

Consider a thin heated wire mounted to supports
and exposed to a velocity U.

do;

dt
W = power generated by Joule heating
W=FR, recall R, = R,(T,)
O = heat transferred to surroundings
0;= C,T, =thermal energy stored in wire
C,, = heat capacity of wire
T,, = wire temperature

W=0+

Static characteristics — stationary heat transfer:

Heat storage in the wire is zero:
W=0=I"R=hA(T, -T,)
or replacing 4 with Nu:

A
ITW:EMMAQ—%)
h = film coefficient of heat transfer
A = heat transfer area
d = wire diameter

ky = heat conductivity of fluid
Nu = dimensionless heat transfer coefficient

In the forced convection regime (0.02<Re<140):

U-d
Reynolds number: Re = &

NM:A1+B/'R€'1:A2+BQUn

Current ! Sensor dimensions:
length ~1 mm
diameter ~5 ricrometer

. Wire suppors
Velocty U / 515t needies)

Sensor [thin wirg)

V Velocity

, p = air density, U= velocity and = air dynamic viscosity.

PR, =FE’ =(T,-T)(4 + BU") “King’s law” [15]. The voltage is a measure of velocity U.

Dynamic characteristics- frequency limit:
Heat storage term added to the stationary heat
transfer equation:

2 n dTy,
I &M=@W—R0Lu4n/)+cwjg-

or expressing T, in terms of R, and
temperature coefficient of resistance :

C, dR
IzRW :(Rw _Ro)(A+BUn)+ w w
o,R, dt
This differential equation has the time constant :

C

w

o R, (4, +BU" —1%)

Frequency limit (3 dB amplitude damping):

1
fcp A

2nt
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15.2 Mechanical design of hot-wire probes

A hot-wire probe for the measurement of high frequency flow fluctuations consists of a very
thin wire mounted on some kind of support. The hot-wire material is chosen so as to fulfil a
number of requirements such as: high temperature coefficient of resistance, high specific
resistance, high mechanical strength and ability to operate at high temperatures. Tungsten is
far superior to other metals in this respect and is therefore used, whenever possible. It can be
used at wire temperatures up to 300°C and at velocities even in the supersonic range. Most
hot-wires have a diameter of 5 um and a length of approximately 1 mm. The wire is spot-
welded to needle-shaped prongs, normally made of stainless steel. The prongs are embedded
in a probe body, which electrically connects to the anemometer via a probe support and cable.

15.3 Spatial resolution of hot-wires

The space volume over which the hot-wire output averages depends on the wire size, its
frequency limit and the flow velocity. The resolution length in the direction of the flow will
be directly proportional to the mean velocity and inversely proportional to the upper
frequency limit of the hot-wire inclusive of the anemometer circuit. The upper frequency limit
of an anemometer should be chosen so that the resolution length in the direction of the mean
flow velocity is of the same order of magnitude as the length of the wire. At 50 m/s an
anemometer with a frequency limit of 25 kHz a typical wire probe will have a spatial
resolution of 1 mm in the streamwise direction.

15.4 Directional sensitivity of hot-wires

The heat transfer relation for a hot-wire, which forms basis for its static calibration, assumes
that the velocity vector is directed normal to the wire. In fact the heat transfer strongly
depends on the angle between the velocity vector and the wire. In the case of an ideal sensor,
where there is no heat conduction to the prongs, the heat transfer varies with the cosine of the
angle between the velocity and the wire normal. In reality heat is conducted to the prongs and
a directional sensitivity factor £ (yaw-factor), which describes the prong interference, has to
be introduced. In a 3-dimensional flow, where the velocity moves out of the wire-prong plane,
the heat transfer will increase due to increased cooling of the prongs. This can be described by
the pitch factor 4.

Individual directional calibration of hot-wires, in addition to velocity calibrations,
makes it possible to measure both velocity magnitude and direction in 2 or 3-dimensional
flows using probes with 2- or 3-wires arranged in orthogonal arrays.

48



Probe design

Tungsten wire is spot-welded to stainless steel
prongs embedded in a ceramic tube.
Gold-plated probes have plated wire ends in
order to minimise prong effects.

Spatial resolution

Hot-wire resolution /, in streamwise direction:

Umean
=—— [5]

lx
2fcp

U, pean = mean velocity
Jep = frequency limit

High spatial resolution at high velocity
requires high bandwidth

Directional sensitivity

Finite wire response includes yaw and pitch
Sensitivity [24], [29].:

Ule)’ =U(0)° (cos2 a+k?sin’ 0{) Z
U@y =u(o)y (cos2 0+ h’ sin® 9) o

0
0

General response in 3-D flows:

2 2.,2,,2 2.2
Uy =Ux" +k°Uy" +h°U,

U(0): actual velocity in the flow
Ueff: effective cooling velocity
(calculated from velocity calibration)

o yaw angle (angle between velocity
and wire normal)

o: pitch angle (angle between velocity
and wire wire-prong plane)

k: yaw factor

h: pitch factor

(x,y,z): probe oriented coordinate system
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15.5 The Constant Temperature Anemometer.

The constant temperature anemometer is designed with the purpose of eliminating the
influence of the thermal inertia of the wire in fluctuating flows, so that the frequency limit of
the instrument is mainly determined by the electronic circuitry. This is achieved by supplying
electrical energy to the wire at exactly the same rate as heat is lost to the surrounding fluid
medium and at the same time. Since the wire temperature is thus kept constant irrespective of
the flow velocity, the importance of the heat capacitance of the wire is greatly diminished.

The operation of the CTA anemometer can be explained as follows:

The hot-wire is placed in one arm of a Wheatstone bridge opposite a variable resistor, which
defines the operating resistance, and hence the operating temperature of the hot-wire. In the
case the bridge is in balance, no voltage difference exists across its diagonal. Now, if the flow
velocity increases, the wire resistance will tend to decrease and an error voltage will be
present at the input of the current regulating amplifier. This will cause the probe current to
increase. The wire will heat and increase in resistance until the balance is restored. Because of
the high gain of the current regulating amplifier, a condition of bridge balance exists, which is
practically independent of the flow velocity past the wire. The wire time constant is thus
reduced by a factor of several hundred times from fractions of a millisecond to some few
microseconds. The probe current is represented by the voltage drop across the bridge. As all
resistances in the bridge are constant, the squared output voltage E” directly represents the
heat loss from the wire and can replace Q in the heat transfer equation for the wire.
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CTA anemometer principle diagram

Main components are:
Wheatstone bridge:

Probe: Rw

Overheat resistor: R3

Top resistors: R/ and R2
Feedback loop:

Amplifier: G

Gain shape control: $*

Filter: F*

Power amplifier: P*

Cable compensation: C*
* not shown in principle diagram.

Improved wire response:

The servo-loop amplifier increases the wire
frequency limit:

fc,CTA = ZaSwac,wire

T,, = wire time constant alone
a = overheat ratio

R,, = wire resistance

S = amplifier gain

Typical CTA frequency response:

Typical frequency response (amplitude
damping and phase lag) of CTA with
5 um wire probe.

Typical velocity response:

The relation between the CTA output £ and the
velocity U represents the probe calibration, from
which the transfer function U = f{E) is derived.

1

B B

U=C+CE+C,E*+C,E’+C,E*

A

Probe

Overheaf
resistor
(decade)

Servo
amplifier

Bricige /%)
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-
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Appendix |

MiniCTA sample projects



Preparing for a MiniCTA project:

This chapter directs you to the working platform of
the MiniCTA application software.

1. Create a folder for the database and project.

Switching on the MiniCTA:

Note that you should not connect the power adapter
to the MiniCTA, before the probe is connected and
the decade is adjusted to proper overheat ratio.

1-D Measurement in a Point

The anemometer output is connected to an input
channel of the A/D board in the PC. It is assumed
that the ambient temperature remains constant or
nearly constant during the project.

Hardware list:

55P11 Probe with 55H20 Probe Support
9055A1863 Probe Cable, 4 m.

55T30 MiniCTA anemometer.

Cable and Connector Box for the A/D board.
PC with A/D board installed.

1. Connect the Analog Output bushing on the
MiniCTA to the A/D board input 0 on the
connector box for the A/D board with a 50
ohms BNC cable.

2. Connect Probe and Support with a 4 m Cable to
the Probe BNC-connector on the MiniCTA.

3. Switch power on to both systems.

Open MiniCTA software:

Open MiniCTA software by double clicking on the
MiniCTA Icon in the Program Manager.
You are now prompted to create a new database.

Create a Database

1. Choose Database/New from the File menu.

2. Select the folder that you already have created
for the purpose and type in the name of your
new database, e.g. 1-wire.sdb.

4. Choose OK.

Create a Project:

You are now prompted to create a Project. Select

Yes. A New Project dialog box opens.

1. Enter the name of your project and your
initials in the Created by field.

2. Choose OK.

u Probe Probe Support

Probe cable

—_— O ilat:

=

H MiniCTA [H

Coax cabla

Connaclor box

—_H

12voc

A/D board
FC

Select database
& {fipen lasf database’
C:AMINICTA PROJECTSATEST1.5DB
€ Dpen exisling database. BIBHSEY
I
| € Create new database.
Mew Database
Look jn: i'ﬁ 1d ,,:J CF| |55 =
T-wire: sdb
File narne: I\ DOpen I
Files of type:  [DataBzve [%5DE] = Cancel |
New Project
i~ Project informatiars kK I
Date created: (0241501 Time ereated: ;11:1 £:08 o
Project 1D name: ||
Created by,
I Copy existing configuration
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Define Devices:

© Traverse systems ' Miscellaneous

You are now prompted to select an A/D board. Say

Yes and the Device Library dialog box opens. N el e s AT RCTMIGTEET -
Mational Instruments AT /PCI-MI0-1EE-10
National Instruments AT APCI-MI0-16E | |
1. Select the A/D board that is installed in the PC. Naiond nruments DADCAA500.
2.  Choose OK ational Instuments PLI-HI0-16E-4 -]
Add... Bemaove Properties...
A path is now made from the project to the ~Device databzse
translation driver. New. | Open. |
Close
System Configuration: System Configuration - [National Instruments AT/PCI-MI0-16E-1)
You are now prompted to configure the system. ote | vpeor [ e Lueicre:
Select Yes and the System Configuration dialog box .
opens. e e e
Now select probe, cable/support and A/D input
channel.
1. Click on the Single Wire sensor probe Icon. Dok |
2. Select Probe, Support and Cable dialog box
Opel’lS. Clase
3. Select 55P11 Wire, 55H20 Support and a 1864 =
BNC/BNC Cable in the list boxes.
4. Choose OK. The Probe, Support and Cable are
now added to the map. It is by default
connected to A/D input channel 0.
5. Choose OK.
You are now prompted to define the Set-up.
Define Hardware Set-up R 62t
. oK
You are now prompted to define the set-up of the Refrence tenperatue. [ deg o]
CTA Owverheat: 0.80 ﬂfl—j
Reference temperature and overheat from the probe sl  Prabe sellings:
library are displayed. Ry [0 Upee |
1. Enter the sensor cold resistance R20 at 20°C
from the label on the probe container. B P |
2. Click Update and the probe operating data and leceellreee
the corresponding dip switch settings in the 43214321
MiniCTA are displayed. : 1 L
3. Click on OK and you are now prompted to e e wies PR
carry out a velocity calibration of the probe.  Probe detar
Total resistence: 7.58 Ohrns
Decade resistence: 151.60 Ohg
Wire temperature: 24222 Deg. C




Velocity Calibration Velocity Range
It is assumed that you have some calibration A Ry
. . . i locity: 0.z hd
means, e.g. a free jet or a windtunnel with e.g. a i veeey o Cancel _|
. . . I aximurm velocity: 15 [M]
pitotstatic tube as velocity reference. I
Murrber of poinks: i]ﬂ
The Velocity Range dialog box opens. - Distbution
1. Enter min. and max. velocity and number of e @ Log
calibration points.

2. Leave the Log distribution, as it gives the best
linearisation accuracy over a wide velocity
range and select OK.

The Calibration dialog box opens.

55P11 Calibration
: : : Velociy: [0200 | i :
1. Select Point 1. Create the displayed velocity. o [

Enter the actual value from the keyboard.
2. Enter the temperature into the Temperature

Delete .
Read Selup.. L

Clear al

field from the keyboard. e & o]
3. Click on the Parameters Read button. kst
4. Click on the Voltages Read button. The probe

voltage from the CTA is now read via the A/D

board.

5. Click on the Update button. The velocity,
temperature and probe voltage are now placed

in the data sheet. S5P11 Curve Fit Analpsis
6. Select next point and continue until all points o | e [T F [T
are done. ot [
7. Click on the Fit button. The Curve fit analysis Gramie e
dialog box opens. It displays the curve fit £z 8H7EER

G i
R T LT T N 11 S ot |

coefficients and the linearisation errors. In this

~Enors

Error (%)

project please neglect the Temperature s L H
correction check box. -

If you accept the quality of the calibration click on e om

the OK button. The completed calibration data _

sheet is now displayed. I Temperstus corsetn

Close and save the calibration event:

1. Double-click in the Menu Control box in the
upper left corner of the data sheet window. A
Save event dialog box opens.

2. Type in an identification and select OK. The I N o
dialog box closes and you are prompted to ! il 16z el oml  iael ozl
create a Conversion event on basis of the probe 3 0522 1.486 26,700 0.000 1.486 o510
calibration. : tml tou e oo ime e

3. Say Yes. A Save event dialog box opens. : e e

4. Type in an identification and select OK. The g sl ZOM Ul LR S
dialog box closes and you are prompted to 0 w213 oo 2 1ese
make the Conversion event default. Say Yes. B

T
A Calibration event and a Conversion/reduction = -

event are added to the Project Manager.



Run Online:

You can now check the performance of the system
in Online.

1. Choose Online analysis from the Run menu.
Online dialog box opens.
2. Choose the Start button.

The Data display is now updated for each
acquisition until you choose Stop or leave the
dialog box.

You can display velocity instead of voltage by
selecting Velocity from calibration in the "Output
as" field. No data are stored during Online.

Default set-up:

The Default set-up consists of a hardware set-up
and a loop defining probe positioning and data
acquisition (sampling rate and number of samples).
Finally the default conversion/reduction to be used
on acquired data.

In the present example you need not change
anything in the default set-up.

Run Default:

You can store acquired data in a file by running
Default instead of Online

1. Choose Run default set-up from the Run menu
or click on the Acquire data Icon in the Main
toolbar.

2. An Acquire data to disk event dialog box
appears

3. Type in the identification for the Raw data
event that will be the result of the default run.

4. Close the dialog box by choosing OK.

When finished, a Raw data record is added to the
Project Manager.

Load Raw Data:

Raw data are stored in a file arranged with a
database structure. In order to present the data, they
have to be unpacked.

Online Analysis (Default setup) - 1:55P11: 1D sensor

o Tievotme Men=5e31 ] (- Number of samples——————————— lose
Per chanrel 512 =
3447 =
Total 51
o — Sampling requency- "
- Options.
a4z Per chaninel:
ado Totak [1.000 ~ kHz
Sampling interval — —
25830 TGz 02w 0907 04005
Totak 0512 ____I:] sec
- Dutput as
 oltage onlp
& Velocity from calibration
" Velocity in wire coordinates
£ Velocity in probe coordinates
£ Velocity in laboratory coordinates
Define Default Setup
Cancel
Acquire Data
Date:  2/14/01 Time:  11:2314 AM
Evert|D i,um Cancel
— Humber of point
| Mumber of positions configured: 1 I Setup...
| & Include all points Log..
| € Only paints :
;T ta |1
241401 10:83:2... Project Header
241400 11134, Velocity calib.® Call
Corw. gehyn” REDT

21440 11:23:1

Dpen
Lielete

Reduce data
Sort
Bename
Reference
LComments

v Docking View
Hide




Point at the Raw data event in the Project Manager
and click with the right mouse button and select 7 T'M§DDD| o
Load. Raw Data Selection dialog box appears. : T — =
1. Choose Load. ‘ o] 4%
A data sheet with the acquired data opens. ; T
2. Choose Close. The dialog box closes and - T
leaves the data sheet open. = OooeL__4e7)

Present Data in a Graph: Select Data
1. Choose Graph from New Window in the ki — ;Tﬁme”‘- oK
Window menu or click on the Graph Icon in o ceree
-arguments:

Help

Ulcal —"""""'J
> Style...
Background color. l:l |'|

¥ Ovenarite axes titles with data columnz captions

the Main toolbar.

Select Data Dialog box appears.
2. Select Ulcal in the Data column box.
3. Click on the Y--> button.

Ulcal is now moved to the Y-arguments box.
4. Choose OK.

IV Dvenrite lagend text with data columng captions

A Graph is now created with voltages as function of
acquisition time. Title
i
| H .E........' —Wical ]
TIME

To Reduce Data:
1. Point at the Raw data event in the Project

Manager and click with the right mouse button

and select Reduce data. T

A Save event dialog box opens. Note that the — -

default Conversion event automatically will be b [ _ Caoel |

used to convert and reduce the data.

2. Type in an identification and choose OK.
The Data reduction process is now carried out
and a Reduced data event is added to the
Project manager.

Load reduced data:

1. Point at the Reduced data event in the Project

Manager and click with the right mouse button
and select Load.

Data sheet showing the positions (0,0,0), the
Umean and Urms. opens.

Raw data
Event: 10/2/00 %:33:104M

Load...

: Reduced data{RUN1]

% pos. 'f pos. Z pos. A pos, U Mean URMS =

0.000] 0.000 0.000 0.000

0| | e [ =

5.622 1616



1-D Measurements

. . U Probe Probe Support Probe cabie
with Temperature Correction o e
. . . T = jm 1HE
Temperature correction requires that temperature is Temp. probe

acquired together with the anemometer voltage.
This is done by means of a temperature probe with /

an analog output connected to the A/D board and

assigned as a probe in the System configuration. ......

The CTA probe and the temperature probe should !

be mounted close to each other in the flow, so that @
they are both exposed to the same temperature.

Hardware list: Coax cable

e 55P11 Probe

Connector box

— 1
e 55H20 Probe Support — [ o oat
e 54T30 MiniCTA anemometer. e
e 55P32 Thermistor Probe
e 54T40 Thermistor Amplifier
e 2 pcs. 9055A1863 Probe Cable, 4-m.
e (ables and Connector Box for the A/D
converter board.
e PC with A/D board installed.
The basic procedure in the
MiniCTA software is:
1. Assign the temperature probe in the System
configuration.
2. Choose it as temperature probe.
3. Apply temperature correction to the Data
conversion/reduction event.
System configuration System Configuration - (National Instruments AT/PCI-MI0-16E-1)
Configure the system with the hot-wire probe and rbe [t [ Cove [[MieiCres ——
the temperature probe' This is done by Clicking on s Py
the Single sensor probe icon in the Configuration e e ] S R - = | T
dialog box and select the 55P11 from the Single- | : :
sensor probe Icon and the 55P32 probes from the o

T,P... Icon, respectively.
Choose OK. The dialog box closes.

Delete

Cloze

Cancel i




Select temperature probe:

When you close the Configuration dialog, you are
prompted to select a temperature probe. Say Yes.
Select probes dialog box opens.

Click Enable and select probe 2: 55P32: 1D sensor.
Click Ok to close the dialog box.

Hardware set-up and velocity calibration:

Perform hardware set-up and velocity calibration as
described in Sample Project I and make both events
default.

Now it is most important to enter the proper
temperature in the hardware set-up.

The temperature can automatically be read as a
Parameter during the calibration, if the temperature
probe is placed in the flow next to the hot-wire
probe.

Choose Parameter/Set-up/Temperature/A/D/ chl in
the Calibration dialog box. Type in the linearisation
(polynomial constants from the keyboard). For
more details see Chapter 5 Running the System.

Important: Select Apply temperature correction in
the Curve Fit dialog box, when you have finished
the velocity calibration.

When you close the Calibration data sheet you are
prompted create a data Conversion/Reduction. Say
Yes to that and say Yes to the “Make the event
default”. You will now have the two events marked
with default stars listed in the Project Manager

Data conversion/reduction with temperature
correction:

It contains all necessary information for performing
temperature correction, linearisation and data
reduction into mean and rms values. You need not
make any further manipulations in it. To see what it
looks like:

Open the Default Conversion/Reduction in the
project manager (right mouse button). The Data
conversion/reduction set-up dialog box opens.
Close the dialog boxes by clicking on Cancel.

Run default set-up:
Run the default set-up as described in project 1.

Run Data conversion and reduction:
Run the data reduction as described in project L.

5elect Probes

95P11 Calibration
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Appendix |l

Measurements with
the Dantec Dynamics StreamLine
Anemometer



Preparing for a StreamLine project:

This chapter directs you to the working platform of v, Do frove s o
. . Coax cable
the StreamWare application software.
System Temperaiure Probe J
1. Create a folder for the database and project. )
SWltChlng on the St?‘eamLine.' StreamLing Frame with CTA ﬂ:\
Mocdiule
Note that you should not connect the power adaptor e
to the StreamlLine, before the probe is connected e
and the decade is adjusted to proper overheat ratio. ;

Conneclor box

1-D Measurement in a Point

The anemometer output is connected to an input
channel of the A/D board in the PC. It is assumed
that the ambient temperature remains constant or
nearly constant during the project.

Hardware list/Physical configuration:

e 55P11 Probe

e 55H20 Probe Support

9055A1863 Probe Cable, 4-m

55C90 CTA Module (mounted in Frame)

90H10 Calibration System (mounted in Frame)

90N10 Frame with Temperature Transducer

90B10 Null Modem Cable

Connector Box and Cable for the A/D converter board.
PC with A/D board installed

1. Connect PC and StreamLine frame to the power Line and leave both with power
switched off.

2. Connect first free PC comport, e.g. no 2, to the Serial Interface connector of the Frame
by means of the Null Modem Cable.

3. Connect the Analogue Output bushing no. 1 on the back panel of the Frame to the A/D
board input channel no. 0 on the connector box for the A/D board with a 50 ohms BNC
cable (max. 50 m).

4. Connect Probe and Support with a 4 m Cable to the Probe BNC-connector on the CTA
Module front plate.

5. Place the probe in the calibrator with the wire in the center of the jet and aligned with
the top surface of the nozzle.

6. Connect the Temperature Probe to the Frame via its 4 m cable and place it close to the
hot-wire probe.

7. Switch power on to both systems.

Open StreamWare software: P

Open StreamWare software by double clicking on e st dabasel
. CAMINICTA PROJECTSNTEST1.50B
the StreamWare Icon in the Program Manager.
" Dpen existing database. Biowize
You are prompted to open or create a new database. P Lo |

I
| € Crosts nsw datshass

Create a Database \

1. Choose Database/New from the File menu.




2. Select the folder that you already have created
for the purpose and type in the name of your
new data base, e.g. 1-wire.sdb.

4. Choose OK.

Create a Project:

You are now prompted to create a Project. Select

Yes. A New Project dialog box opens.

1. Enter the name of your project and your
initials in the Created by field.

2. Choose OK.

Define Devices:

You are now prompted to select an A/D board. Say
Yes and the Device Library dialog box opens.

1. Select the A/D board that is installed in the PC.

2.  Choose OK. A path is now made from the
project to the translation driver.

System Configuration:

You are now prompted to configure the system.
Select Yes and the System Configuration dialog box
opens.

1. Click on the Frame Icon. Select Serial Port
dialog box opens.

2. Select the COM1 in the Select Port list.

3. Choose OK. A Frame with the CTA Module
and the Calibration Module is added to the
Configuration map.

4. Click on Single Wire sensor probe Icon.

Select Probe, Support and Cable dialog box

opens.

6. Select 55P11 Wire, 55H20 Support and a 1864
BNC/BNC Cable in the list boxes.

7. Choose OK. The Probe, Support and Cable are
now added to the map. It is by default
connected to the first CTA Module (no 1) and
to A/D input channel 0.

8. Choose OK.

9]

You are prompted to Initialize the hardware. Click
OK.

Hardware Set-up

You are now prompted to define the set-up of the
Hardware set-up of the CTA module.

The dialog box shows the Configuration map once
more but with command buttons for Overheat,
Square Wave, Signal Conditioner and Startup.

Mew Database HE
Laok jn ;:ﬁ 1-d =
28] 1-wire. sdb
File name: i| L—gie_n_j
Files af twpe: 1DataEase [=5DB] _'_i Cancel

1 Traverse spstems

' Miscellaneous

Translation driver

[«

Mational Instruments AT /PCI-MI0-16E-1
Mational Instruments AT /PCI-MI0-16E-10
Mational nstruments AT /PCI-MI0-16E
Mational Instruments DAQCard-1200
Mational Instruments DAQCard-500

M ational Instruments PCI-MI0-16E-4

Add... Remaove

|

Properties. .

- Device database

| o |

Close

System Configuration - (National Instruments AT-MID-16E-10)

Probe Suppoit [ Cable

[ Bridge

ssssssssss

CALIES.

Cancel |

Hardware Setup

Probe selected

Frame1 anline:

sssssssssssssss

T
uuuuuu

chchchch

]

{Bet cverheat
Square wave..
Signal cond..
Startup.

Save.

i

Close

Firmnware ver.:Stieamling 1.320 Cantroller 5/M:3030G0101,1,00098;




Overheat adjust:

First step is to measure the probe cold resistance
and set the overheat.

Select the Overheat command. A Set overheat
dialog box opens.

1. Click on Auto balance.
Total probe resistance and ambient temperature
are now measured. Leads-, support- and cable
resistances are subtracted from the total
resistance providing the sensor cold resistance.
The decade resistance is calculated and set in
accordance with the overheat ratio.

3. Select Operate and click on the Start button » .

Set Overheat - [Probe: 55P11]

Ref. temp.

Overhest ratia:

DOver-temperature:

rCr
| C Opeiate  © Biandby |

~Hardware Setup

1:20 ratio, 20 ohs top e
™ Manual

CTA Dutput [via

Ambient temp.

Biidge top voltages:

jent Temps
1380 Vol & Syt
2475 ,—i--—-- - & E:l:ver';\ probe
£ Userinput
Dl ZE

The CTA Module switches to operate and the bridge voltage is acquired together with the
ambient air temperature (via the Controller in the Frame) and displayed.

Square wave test and Signal Conditioner:

The set-up of the servo amplifier in the CTA and of the Signal Conditioner are all
Configuration Defaults taken directly from the Probe Library and needs not be optimized in
this project. You can check the settings via the Square Wave and Signal Conditioner buttons
in the Hardware set-up dialog box, before you close the dialog.

Close the Hardware set-up and save it as an Event:
Select Close.

You are now prompted to save this Hardware set-up. Say Yes, and a Save event dialog box

opens. Type in an identification and say Yes again.

Make Default:

You are now prompted to make this Hardware set-up current Default. Say Yes.

Automatic overheat adjust:

A new prompt asks you, if you want to disable Automatic overheat adjustment. This feature
measures the probe cold resistance and readjusts the decade, every time the default Hardware
set-up starts. In this way the overheat ratio is kept constant independent of ambient

temperature. Say No in order use this feature.




Velocity Calibration with StreamLine Calibrator Velocity Range
1. Select Velocity from the Set-up menu. The Rl L —
calibration and correction factors for your M'mu_mum Vdoc_'ty: I " _ Coneel|
specific Calibrator are now loaded into the e Vem_mt% o
StreamWare software for use in the velocity Norkertponis [1]
calculation. This is indicated by the message  Distrbution
box “Loading EProm data”. Oltnes  Elog
2. When finished, the Velocity Range dialog box O
OpenS. @ [m/s] " Mach number [M]
3. Enter 1 m/s as min. and 20 m/s as max. velocity
and 10 calibration points. V' Apply tempeature cortecton
4. Select Apply temperature correction and Apply F Al sl condiont st
signal conditioner settings. This gives you the 5571 Catbration

best accuracy, if the temperature changes

- huka albraior .~ Poin | o |

during the calibration. Lol ol EEET LT =

5. Select OK. The dialog box closes and you are o e | L —
prompted to install the Nozzle 1. ‘ B —— L

6. If correct, select Yes. e | =

The Calibration dialog box opens. © -

Note that the default Hardware set-up automatically

has been assigned to the calibration, and that this |

set-up was performed, before the dialog box “;’Tf;;,;:s o 5600 154880 |

opened.

1. Select Start ». An Auto calibration monitor window opens, which shows how the
velocities are reached point for point. The calibration points are plotted into the graph in
the Calibration dialog box.

When all points are done, the best curve fit (4th order polynomial) is automatically made and
plotted into the calibration diagram.

2. Select the Fit command button. A Curve fit dialog box opens with linearization constants
CO0 to C4 and the error distribution.
It also lists the temperature used for compensation of the probe voltages.

If you accept the results select OK. The dialog box closes and the calibration data are filled into
the Calibration worksheet together with temperature and pressure.

1. Double-click in the Menu Control box in the upper left corner of the Worksheet window.
A Save event dialog box opens.

2. Type in an identification and select OK. The dialog box closes and you are prompted to

create a Conversion event on basis of the probe calibration.

Say Yes. A new Save event dialog box opens.

4. Type in an identification and select OK. The dialog box closes and you are prompted to
make the Conversion event default. Say Yes.

W

A Calibration event and a Conversion event (both with the default stars) are added to the
Project Manager.

You have now a complete Default set-up with a Hardware set-up and a Conversion set-up
that can be used to acquire, linearize and reduce probe voltages into first and second order
moments (mean and standard deviation).



Save the Calibration event and make Conversion
event:

1. Double-click in the Menu Control box in the
upper left corner of the data sheet window. A
Save event dialog box opens.
2. Type in an identification and select OK. The
dialog box closes and you are prompted to
create a Conversion event on basis of the probe
calibration.
Say Yes. A Save event dialog box opens.
4. Type in an identification and select OK. The dialog
make the Conversion event default. Say Yes.

W

u El TiC) FlkPa) Elcor _ Uloadle =

1 0200 141z e 0.000 1412 0.202

2 0.3 1444 26900 0.000 1.444 0.322

3 0522 1486 26700 0.000 1.488 0510

4 0843 1545 26900 0.000 1545 0.850

5 1363 1614 26800 0.000 1E14 1.367

6 2202 1638 26400 0000 1698 2252

7 3557 1763 26900 0.000 1783 3.500

8 5747 188 27000 0000 1.868 5 665

3 9284 204 26900 0.000 2014 9.424

10 15,000 214326800 0,000 2143 14342
11

12

13

14

15

15 =

A Calibration event and a Conversion/reduction event are added to the Project Manager.

Run Online:

You can now check the performance of the system
in Online.

1. Choose Online analysis from the Run menu.
Online dialog box opens.
2. Choose the Start button.

The Data display is now updated for each

acquisition until you choose Stop or leave the
dialog box.

Default set-up:

Online Analysis [Default setup) - 1:55P11: 1D sensor

1245

2447

6445

2442

0440

2563

Uleal vTime. Mcun = 5.651

D02 02070307 04100512

~ Mumber of gamples————————————

Per channel:

Total

512

Ei2

- Sampling frequency-

Par chanmet 1.000 _I; kHz
1.000 kHz

Total

Sampling interval

Total

0512 sec
= |

~ Outpt 2

" Valtage only

& Velocity from calibration

" Velocity in wire coordinates

" Velocity in probe coordinates

" Welacity in laboratory coordinates

Cloze |

Options. I

The Default set-up consists of a hardware set-up and a loop defining probe positioning and
data acquisition (sampling rate and number of samples). Finally the default

conversion/reduction to be used on acquired data.

In the present example you need not change anything in the default set-up.

Run Default:
You can store acquired data in a file by running
Default instead of Online

1. Choose Run default set-up from the Run menu
or click on the Acquire data Icon in the Main
toolbar.

2. An Acquire data to disk event dialog box
appears

3. Type in the identification for the Raw data
event that will be the result of the default run.

4. Close the dialog box by choosing OK.

When finished, a Raw data record is added to the
Project Manager.

Acquire Data to Digsk (Default setup)

Date:  3/8/00 Time:  2:51:36 PM

EventID

Mumber of goints

Number of positions configured.

& Include all points
£ Dnly poirts :

il

Bun

Cancel

Setup..

Log




Load Raw Data:

Raw data are stored in a file arranged with a
database structure. In order to present the data, they
have to be unpacked.

Point at the Raw data event in the Project Manager
and click with the right mouse button and select
Load. Raw Data Selection dialog box appears.
1. Choose Load.
A data sheet with the acquired data opens.
2. Choose Close. The dialog box closes and
leaves the data sheet open.

Present Data in a Graph:

1. Choose Graph from New Window in the
Window menu or click on the Graph Icon in
the Main toolbar.

Select Data Dialog box appears.

2. Select Ulcal in the Data columns box.

3. Click on the Y--> button.

Ulcal is now moved to the Y-arguments box.

4. Choose OK.

A Graph is now created with voltages as function of
acquisition time.

To Reduce Data:

1. Point at the Raw data event in the Project
Manager and click with the right mouse button
and select Reduce data.

A Save event dialog box opens. Note that the
default Conversion event automatically will be
used to convert and reduce the data.

2. Type in an identification and choose OK.

The Data reduction process is now carried out
and a Reduced data event is added to the
Project manager.

Load reduced data:

1. Point at the Reduced data event in the Project
Manager and click with the right mouse button
and select Load.

Data sheet showing the positions (0,0,0), the
Umean and Urms. opens.

2M4/0 10:53:2.. Pioject Header
2/14/M 11134, Velocity calib Call
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1-D StreamLine Measurements with
Temperature Correction U Probe Probe Support Probe cable

—
Coax cable

temperature correction into a project. For simplicity

D=—r—H——
This project demonstrates how to incorporate Syt Tomperata Frove j >
a project with only one single-sensor hot-wire probe

has been configured. The procedure, however, is
. . =
identical for any number of probes and for dual - SimamLing Frame vif CTA \\ {
. Tem
and triple-sensor probes as well. ot 1 cuip
1
:[ A0 poard
If a high absolute accuracy on mean velocity is FEr—— o

required it is always recommended to include
temperature correction in order to avoid systematic

errors from even small fluid temperature variations.
If not compensated for a temperature change of 1
°C gives approximately 2% error in velocity for a
wire probe operated at the default overheat ratio
0.8.

The procedure is:

1. Choose a temperature probe.
2. Select flow medium and temperature loading factor.
3. Apply temperature correction to the Data conversion/reduction event.

Choice of temperature probe:

Temperature varies slowly during data acquisition:

If the temperature is expected to vary during the time it takes to perform a data acquisition, the
analogue output from the System temperature probe connected to the StreamLine frame is used.
It is connected to an A/D input channel and the probe is assigned as a separate probe in the
System configuration. The temperature voltage is then acquired together with the probe voltage.
Each probe voltage sample is then corrected with its own related temperature.

Temperature stays constant during data acquisition:

If the temperature is expected to stay constant during the time it takes to perform a set of data
acquisitions, only one temperature value is needed. In this case the serial output from the
System temperature probe can be used. It should then be programmed to write to a local
variable, which is then selected as temperature input source. The temperature is polled via the
serial interface prior to the acquisition of probe voltages via the A/D board. This must be
defined in an Experiment set-up, as Default set-up does not accept local variables. All probe
voltage samples are then corrected with the same temperature.

Fast temperature variations during data acquisition:
If fast temperature variations are expected, a separate fast temperature measuring device has to
be connected to an A/D channel and assigned to the System configuration. The procedure is
then the same, as if the analogue out from the System temperature probe was selected.

In any case it is important to mount the CTA probe and the temperature probe close to
each other in the flow, so that they are both exposed to the same temperature.



Temperature correction with System temp. probe via Temp. analogue out:

System configuration and selection of System Configuration - (National Instiuments AT-HID-16E-1)
temperature probe: Pbs [ Suppon [ Cable [Bicg=
1. Configure the system with the System temp. ~ f—oonno
probe in addition to the hot-wire probe. This is EI-EFEIT . e
done by clicking on the Temperature Probe
icon in the Configuration dialog box. Close the '

Configuration dialog box.
2. You are now prompted to select a temperature | [ =
probe. Select TEMP. [ s
3. Choose OK. The dialog box closes.

Close
I Cancel I
Temperature probe: Pressure probe:
Iv! ™ Enable
L. |
1:55F11: 1D sensor 1:85P11: 10 sensor &I
ZTEMP:
Select flow medium and temperature loading Physical Properties Library

factor:
Selected property:  Air, unity, m=0

1. Choose the Physical Properties in the

File/Libraries menu. A Physical properties M .

. Air, m=0.3
dialog box opens. B oy, =0 Ed.

2. Select Air, m=0.2 (a good default value for a e 0
wire probe) and click on the Select button.

3. Close. The selection is now loaded globally in Select
StreamWare and will be valid next time you
open StreamWare, even in another project.

Delste

Close

Jads

Hardware set-up and velocity calibration:

Perform hardware set-up and velocity calibration as described in the previous Sample project.
Make both events default.

Important: Select apply temperature correction and apply temperature loading factor in the
Velocity range dialog box in the velocity calibration.

Important: Select Apply temperature correction in the Curve Fit dialog box, when you have
finished the velocity calibration.

When you close the Calibration data sheet you are prompted create a data
Conversion/Reduction. Say Yes to that and say Yes to the “Make the event default”. You will
now have the two events marked with default stars listed in the Project Manager



Data conversion/reduction with temperature
correction:

It contains all necessary information for performing
temperature correction, linearisation and data
reduction into mean and rms values. You need not
make any further manipulations in it. To see what it
looks like:

Open the Default Conversion/Reduction in the
project manager (right mouse button). The Data
conversion/reduction set-up dialog box opens.
Close the dialog boxes by clicking on Cancel.

Run default set-up:
Run the default set-up as described in project I.

Run Data conversion and reduction:
Run the data reduction as described in project L.

Data Converzsion/Reduction Setup-[CONV1]

S5F16:

[~ Edu
B Joesy

=F o] ]

r Cancel |

Temperature correction with System temp. probe via Comport (serial interface):

System configuration:

1. Configure the system with only the hot-wire probe. Close the Configuration dialog box.

2. Choose OK. The dialog box closes.

Note: A temperature probe should not be selected in this case. Instead a local variable has to

be selected in the Data reduction and in the Data flow dialogs.

Defining local variable:

Here you give proper name and unit to the local

variable that is going to contain the temperature

information.

1. Choose Local variables from the Project menu.
Local variable dialog box opens.

2. Type in Temp. and C in variable A.

3. Close the dialog box

Hardware set-up and velocity calibration:

Local ¥ariables

oo L M

Mame

ITemp

[ ]
IE Cancel |

IB

|c

|D

IE

Perform hardware set-up and velocity calibration as described in Sample project I. Make

both events default.

Important: Select apply temperature correction and apply temperature loading factor in

the Velocity range dialog box in the velocity calibration.
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Create Data conversion/reduction with Data Conversion/Reduction Setup-[]
temperature correction:

= -
1. Choose Conversion/reduction in the Set-up ® S f}ni
menu. A Data conversion/reduction set-up s
dialog box opens. ==b il |--m-|
2. Select the hot-wire probe (by clicking to the & E

left of the probe in the diagram). A frame is
drawn around the probe.

3. Click on the Temp. function button in the
toolbox. The button is copied into the probe
frame.

4. Click on the Temp. comp. button in the frame.
A Temperature correction set-up dialog box {
opens, where you select the local variable that . r Cancel
will contain the temperature information.

5. Close the dialog box.

6. Click on the Transfer fct. button in the frame.

A Transfer function dialog box opens, where Temperature Correction Setup
you select the calibration event. - Select temperature source
7.  Close the dialog box. e Tetiperaitne probe Cancel |
8. Double click on the Probe button. A Probe o '
conversion options dialog box opens.
9.  Click on the Options button and check that
Temperature correction is selected. B
10. Close the dialog boxes and save the Data D
conversion/reduction event and make it ;
default.

Acquire and reduce Data:
Run the data acquisition and reduction as described in the previous sample project.

Temperature correction with External temp. probe via A/D channel:

For applications with fast temperature fluctuations, where the System temperature probe is too
slow. Any fast thermometer, e.g. a set of small thermocouples, with an analogue output can be
used.

Adding the temperature probe to the Probe Library:

Open the miscellaneous probes and add the temperature probe. As a minimum you must give it
aname and fill in 1 for number of sensors. Remember to enter the calibration constants that
converts volts to °C in the Coefficients dialog box.

System configuration:

Open the system configuration dialog box and add the frame and the hot-wire probe. Then click
on the Misc. probe button and select the temperature probe. It will then be connected to the next
A/D channel in the diagram as an external probe.

Further procedure:

The procedure including selection of the temperature probe is now identical with the previous
project where temperature correction was made using the System temperature probe via the
analogue temp. out on the frame.
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