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Abstract

In this paper, development of a three-simultaneous-velocity component,
miniature, traversable fibre-optic laser Doppler velocimetry probe head is
described. The cylindrical probe head has a diameter of D = 12 mm and a
length of about L = 75 mm. While the two velocity components
perpendicular to the probe axis are measured using conventional laser-
Doppler velocimetry concepts, the third component along the probe axis is
measured using a heterodyne technique. The miniature probe was designed
small enough to be inserted into wind-tunnel models and to fit into most
common spark-plug ports to make measurements in working car engines.
The probe was initially tested in a round free-jet flow to demonstrate its

capabilities.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

Measurements over models in large wind tunnels require either
large focal length LDV probes to access the flow field from
outside the wind tunnel (Butefisch 1989) or unique probes that
can be inserted into the model. Examples of unique miniature
LDV probes exist in the literature, such as the probes by
Chesnakas and Simpson (1997), and by Byun et al (2004)
for measurements on stationary models, and by Favier et al
(1997), for measurements on rotating frames. Additionally,
measurement in unique applications such as the measurements
within the cylinder of working cars requires special probes
to be built. Recently Bopp et al (1990), Ikeda et al (2000)
and Kim et al (2002) have developed a non-traversable LDV
probe which could fit into an M 14 size spark plug to measure
turbulence at the spark-plug location under motored engine
conditions. Esirgemez and Olgmen (2005) have reported
a novel two-component, fibre-optic, traversable LDV probe
that could fit into the most common spark-plug (size M8)
ports. Reviews of the recent state-of-the-art techniques used
in flow field investigation of fired production engines (Hassel
and Linow 2000, Zhao and Ladommatos 1998, Kuwahara and
Ando 2000, Kuwahara 2003) indicate the fact that expensive
engines with special optical access are required for such
research.

The present paper describes the development of a
sub-miniature, traversable, fibre-optic, three-simultaneous-
velocity component single-head LDV probe that can be
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inserted into wind-tunnel models or into conventional car
spark-plug ports. Three-simultaneous-velocity component
measurements are required within a coincidence window
(time window) to calculate the mean velocity, shear stress
components and higher order products from the measured
data. The probe can be traversed about 60 mm along the
probe axis. The main difference between the current design
and the previous three-dimensional LDV probe designs is that
the previous designs require two separate probe heads to work
together to measure the velocity components resulting in a
comparatively large size probe (Byun et al 2004), or that
the uncertainty in the velocity component measured along the
probe axis is comparatively large (three-component five-beam
probe offered by Dantec Inc.). The novel design described
in the current paper incorporates the lessons learned from
the development of the two-component probe (Esirgemez and
Olgmen 2005). In this paper first the LDV system components
and the probe working principles are described. Next the
experimental setup and test results obtained demonstrating the
probe working principles are discussed.

2. LDV system

Data acquisition with an LDV system requires on-table optical
equipment, a probe and the data acquisition and reduction
units. In the present research, the on-table optical equipment is
used to generate the four laser beams required for the velocity
measurements and to couple them to fibre-optic cables that
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Figure 1. On-table optics. LTFC: laser-to-fibre coupler, M: mirror,
PR: polarization rotator, BSC: beam splitter cube, PMB:
photo-multiplier tube detecting blue light, PMG: photo-multiplier
tube detecting green light, DF: dichroic filter, GF: green narrow
band-pass filter, BF: blue band-pass filter, BC: Bragg cell, bs: beam
stop.

transfer them to the probe head. The probe head is used to
generate the measurement probe volumes, collect the scattered
light from the particles within the flow and transfer them to the
data acquisition and reduction units. The data acquisition and
reduction units are used to extract the velocity information. In
this section the details of each unit are briefly described.

2.1. On-table optics

On-table optics are used to generate the four laser beams
required in the present work and couple them to the fibre-
optic cables to be transmitted to the probe head (figure 1). In
the current design a Spectra-Physics argon-ion laser (Beamlok-
2080-15S) with a maximum output of 15W-all-lines, equipped
with an etalon was used to generate two green beams
(514.5 nm), one blue beam (488 nm) and another all-lines
beam. While the all-lines beam was generated with the use of
a polarization-rotator/beam-splitter cube couple working as a
beam splitter at the exit of the laser, the rest of the all-lines laser
beam was passed through two dispersion prisms working in
tandem. The dispersion prisms were used to split the all-lines
beam into different colour beams, and among these colours
only the green and the blue beams were used. The green and
the blue beams were further frequency shifted with the use of
Bragg cells (Intra-Action AOM-40, AOM-50 and AOM-70)
in order to eliminate the velocity directional ambiguity that
would occur without such a shift. Laser beams were further
coupled to fibre-optic cables (Corning® PM 48-P-S) using
laser-to-fibre couplers (Newport, F-91-C1).

2.2. LDV Probe

The probe head unit houses transmitting and receiving fibre
terminators, lenses and a beam splitter plate (figure 2), and it is
responsible for generating the measurement probe volume and
collecting the scattered light from the particles in the flow. The
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Figure 2. Photograph and the schematic of the LDV probe.

laser beams generated by the on-table optics are transferred to
the probe head by optical fibres and the fibres are terminated
separately in fibre terminators. Three of the fibre terminators
were placed as if they were at the corners of an equilateral
triangle. Beams emerging from the terminators pass through
separate lenses for collimation. Three collimated beams next
pass through a lens that focuses them to the measurement
probe volume, which is the volume formed by the intersection
of the beams with dimensions 70 um x 70 um x 1337 pm.
In the design, the all-lines beam (0 MHz shifted) and two
green beams (70, 40 MHz shifted) were used to generate the
two frequency-separated interference patterns to measure the
velocity components in a plane perpendicular to the probe axis.

For measurements using the heterodyne technique an
additional blue beam used as the reference beam (50 MHz
shifted) was allowed to emerge from a fibre terminator that was
placed right beside the receiving fibre terminator. The light
scattered by the particles in the probe volume from the 0 MHz
shifted all-lines laser beam together with the reference beam
are used in the heterodyne technique. The heterodyne
technique is described in section 3 of this paper. A beam
splitter plate with reflected-to-transmitted light ratio of 10/90
was placed between the transmitting/receiving lenses to reflect
the heterodyne reference beam to the receiving fibre. The
reference beam passes through the plano-convex lens and
becomes collimated before being reflected back from the
splitter plate. The splitter plate was adjusted at a small angle
(fraction of a degree) such that the light reflected back from
the splitter plate passing back through the plano-convex lens
could be focused on the receiving fibre terminator.

The receiving optics train is also housed in the probe
head. The light scattered by the particles passing through
the measurement probe volume is collected by two lenses
working in tandem and is focused on the receiving optical
fibre. The achromatic lens of the transmitting optics together
with a plano-convex lens is used as the receiving optics to
collect the scattered light from the probe volumes. A multi-
mode, 50 m core-diameter receiving fibre is used to transfer
the collected light to the data acquisition unit. Table 1 gives
some of the details of the probe optical equipment.
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Figure 3. Data collection and reduction units. PMB: photo-multiplier tube for blue light; PMG: photo-multiplier tube for green light; AMP:
amplifier; MIX: mixer; SP: power splitter; RF: radio-frequency generator.

Table 1. Probe optical specifications.

Splitter Collimating Receiving Transmitting
Dimension plate lenses lens lens
Diameter (mm) 5 3 5 10
Focal length None 3 10 60
(mm)

2.3. Data acquisition and reduction units

The light collected from the probe volume transmitted back
to the data acquisition and reduction units by the receiving
fibre is used to extract the velocity information. The data
collection and reduction units consist of the light collection
unit, electronics to amplify the signal, frequency-domain
processor to extract the Doppler information and a computer
to collect and reduce the data (figure 3).

The light collection unit (figure 1) located on the optical
table consists of a dichroic filter to separate the collected
light into separate blue and green beams, two narrow-band
pass optical filters to further separate each of the green
and blue beams and two photo-multiplier tubes (Electron
Tubes, 9124SB) to convert the light signal to an electrical
signal. The electrical signals from each of the photo-multiplier
tubes are next amplified (figure 3) using passive amplifiers
(MiniCircuits, ZFL-1000LN) and frequency downmixed using
radio-frequency generators (B&K 2005 BRF) to the frequency
levels that the frequency-domain processor (TSI-FSA-4000)
could accept.

The electrical signal corresponding to the blue beam is
first high-pass filtered at 25 MHz to omit the low frequency
content, next it is amplified and mixed with a radio frequency
of about 46 MHz to downshift the frequency to an acceptable
range of the frequency-domain processor. The signal is next
low-pass filtered using a 10.7 MHz filter prior entering the
frequency-domain processor to further clean the signal from
the spurious frequency content. The green beam signal on the
other was first split into two separate signals using a power
splitter (MiniCircuits, ZSC-2-1) since it contains the signals
both at around 40 and 70 MHz. Each leg of the signal is

2016

wpr

Figure 4. Orientation of the laser beams and velocity vectors in the
probe coordinate system.

next conditioned similar to the blue beam signal prior to the
frequency-domain processor.

3. Probe working principle

As mentioned earlier the probe head was developed to measure
the three simultaneous velocity components at a point. While
two of the velocity components perpendicular to the axis
of the probe are measured using a conventional dual-beam
anemometry technique (Albrecht et al 2003, Esirgemez and
Olgmen 2005), the third velocity component along the probe
axis is measured using a heterodyne measurement technique
(figure 4). In this section these techniques are briefly discussed
and the geometrical relations between the measured velocity
components and the fluid velocity vector components are
described.

3.1. Heterodyne method

The heterodyne method was used in measuring the velocity
component along the axis of the probe with the working
principle directly based on the Doppler effect. The dynamic
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scattering of coherent light by a moving particle causes a
Doppler frequency shift, A fpop, of the original light frequency,
fo, with a wavelength of 1, depending on the particle velocity
vector, ¥, the unit vector of the incident light direction ¢;, and
the observer direction unit vector ¢,, resulting in a f; frequency
observed by the observer:

Up (er __)

fr:f0+ %o

- f 0o+ Af Dop- (1)
For a panicle with a velocity vector, U, = vy - i+v by } +

- k and the unit vectors | in the recelver and the 1n01dent
beam directions as ¢, = e, - i +epy - ] +e. - kande e = €y - i+
ey - ] +e; - k respectively, the Doppler frequency shift can
be written as

AfDOp = (pr (erx —eix) + Upy (ery - eiy)

- eiz))/)‘a- (2)

The heterodyne method uses the Doppler frequency shift,
A fpop, to quantify the velocity along the probe axis. To
measure the A fp,, first the light scattered from the particles
illuminated by the all-lines laser beam (0 MHz shifted beam)
is interfered with the heterodyne-reference beam (50 MHz
shifted beam). The interference of these beams in the air
medium before the receiving optics fibre terminator transforms
the Doppler frequency shift information into amplitude
oscillations by phase discrimination that can be observed
by the receiving optics train. In order to obtain amplitude
oscillations on the fibre terminator, the angle between the
scattered light and the reference beam needs to be close to
zero in order to minimize fringe formation, and the receiving
aperture should be larger than or equal to the size of fringe
spacing on the fibre terminator. The amplitude oscillation
signal is next processed in the same fashion similar to the
other signals to extract the Doppler shift frequency.

tUp; (er;

3.2. Dual-beam anemometry

Dual-beam anemometry was used in measuring the velocity
components perpendicular to the probe axis. If two laser
beams are focused at the same point in the fluid the observed
Doppler frequency can be expressed using equation (1) as

U, (6, — é2) Uy - (e —é€1)
r = + - 4+ -
fr=1r ” (fo "
Uy (€2 — &)

= P ; 3)
where ¢; and ¢, are the unit vectors along each laser beam.
Equation (3) shows that the observer direction unit vector e,
is not included in the expression indicating that the observed
frequency does not change with the observer direction. The
interference of the laser beams with an included angle o
between them results in fringes with f's = ﬁl/z) spacing in
the measurement volume. The velocity component measured
with such a system is the component perpendicular to the
fringes (v,1 = f5 - Afpop). In the current design three beams
were used to generate frequency separated two interference
patterns (between 0 and 40 MHz, and 0 and 70 MHz shifted
beams) to measure the two velocity components.

3.3. The velocity components calculation

The velocity components Uy, U, and U; measured by the
probe shown in figure 4 were first used to calculate the U,

Vpr, W), velocity components in a coordinate system attached
to the probe. The U, and V,, velocity components in a
plane perpendicular to the probe axis are calculated using the
relations :

Upr =-Uy, Vpr = (UZ + Upr Cos(01))/sin(01) (4)

where U; = Afpop1 - Ag/(2sin(a/2)) and U = A fpop2 - Ag/
(2sin(a/2)) are the velocity components measured, 6, is
the angle between the two velocity components and A, =
514.5 nm. The angle 6, is calculated by using geometry and
by measuring the distances between the beams emerging from
the probe head at a distant wall parallel to the probe front
surface.

In the probe coordinate system the unit vectors along the
transmitting and receiving directions can be written as

Z:r = lzpr’
¢; = cos(6;/2) sin(6)- 7p,+ sin(8; /2) sin(@)}p, —cos(@) - 121,,.

Using the Uz expression, Us = Afpep3 - Ap/(2cos2(8/2))
calculated by employing equation (2), the axial velocity
component, W,,, can be written as

Wy = Uz + (Vp, sin(0,/2) + U, cos(9/2)) tan(6/2), (5)

where A, = 488 nm.

The expressions for the U;, U, and U; velocity
components can also be used to estimate the sensitivity, Sn
(Sn; = the Doppler frequency shift that a 1 m s~' flow
velocity results) of the heterodyne method and the dual-
beam anemometry method. With the knowledge of the
wavelengths for the laser beams and with 0 ~ 4°, o &~ 6°,
the sensitivities can be calculated as Sny = Sn, ~
0.2 MHz/(m s~") for the dual-beam anemometry method and,
Sn; ~ 4 MHz/(ms™!) for the heterodyne method. The
increase in the sensitivity along the probe axis presents a
unique characteristic of the probe design. The probe would be
most suitable for measurements of small velocity components
with 20 times resolution of the dual-beam method.

4. Experiments: setup, data reduction equations
and results

4.1. Experimental setup

The probe developed was next tested in a well-defined air—
jet flow to demonstrate the working principles of the probe.
The jet flow for this experiment was produced by a hot-wire
anemometry calibrator (TSI Model 1125) (figure 5(A)). The
calibrator exit free jet velocity was measured by means of an
inclined manometer using Bernoulli’s equation. A schematic
of the axisymmetric free-jet flow studied, and the coordinate
systems used in the study are shown in figure 5(B). The velocity
components in x, r and 6 coordinate directions are U, V, W,
respectively. The Reynolds number for the jet, based on the
jet diameter (d = 3.81 mm, R = d/2) and exit velocity was
allowed to vary between Rep = 3914 and 9134 resulting in the
turbulent jet. Di-octyl-phtalate seeding particles with a mean
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Figure 5. Experimental setup.

diameter of 0.7 um generated by a six-jet atomizer (TSI-9306)
were introduced into the calibrator-settling chamber to seed the
flow.

The LDV probe was held by a traversing mechanism,
which provided the movement in the radial direction. Sliding
the probe holder up and down, allowed the distance from the
jet flow exit to be changed. The velocity measurements were
made at the jet exit about 0.25d above the exit plane. The
velocity components measured in the probe coordinate system
were further transformed to the jet coordinate system.

4.2. Experimental results

The following experiments were performed to demonstrate
that the probe worked as designed:

Test 1. Jet-exit velocity and turbulence profiles were
obtained as the probe was traversed in the radial direction
along a diameter of the jet at 0° and 10° angular
orientations of the probe with respect to the jet-exit surface
plane (U; =24 ms™").

Test 2. Velocity and turbulence measurements were
performed at different angular orientations of the probe at
a known jet-exit velocity at the jet centre at the exit plane
U;=24 ms™ ).

Test 3. Velocity and turbulence measurements at 10°
orientation of the probe were made at pre-selected
multiple jet mean velocity values at the jet centre at the
exit plane.

The mean velocities, normal stresses and the Reynolds
stress were calculated using the particle residence time
as the weighting factor to eliminate the bias due to
particle-rate/velocity correlation that may exist during the
measurements (Albrecht et al 2003, Edwards 1987). The
residence time is the time the particle spends in the probe
volume as given by the frequency-domain processors for each
valid signal, and it is also named the ‘gate pulse’ as discussed
in section 6.2 in Albrecht et al (2003). Prior to the residence
time averaging, velocity data were first used to calculate the
standard deviation, o, of the data. Next the data outside
430 were discarded. Three-component simultaneous velocity
measurements were obtained within a 10 us coincidence
interval to obtain coincident data required in calculating
fluctuating velocity products. At most measurement locations
25000 data points were recorded, with a sampling rate of
2000 samples s~!. The mean velocity, turbulence fluctuating
velocity, Reynolds stresses were calculated using the following
equations:
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Figure 6. Jet-exit mean velocity profiles at 0° and 10° probe
orientations.
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where V is the mean velocity, V; is the recorded velocity, At
is the length of time a particle spends in the measurement
volume as detected by the frequency-domain processor and N
is the number of data points.

Test 1. Mean velocity profiles non-dimensionalized using
the jet-exit velocity, U; = 24 ms~!, obtained at the jet
exit at 0° and 10° probe orientations are shown in figure 6.
Profiles show that near the exit, the axial velocity of the jet
has a ‘top-hat’ profile, in which the velocity is constant across
the width of the jet, until it decreases rapidly at the edges.
The velocity at the jet exit is uniform and radial and the
tangential velocity components are close to zero. Profiles
obtained with the two different probe orientations show that
the U/U; values differ ~1.5% from each other with the
largest difference being ~2.5%, while the V/U; and W/ U;
values differ from each other by ~2% and ~4%, respectively.
The plots of the turbulent fluctuating velocity components at
the jet exit at 0° and 10° probe orientations are shown in
figure 7. The differences between the fluctuating velocity
components obtained with different probe orientations are
~1% of the mean jet velocity with ~1.5% largest difference.
Both figures indicate that mean velocity and the turbulence
quantities measured at different probe orientations are close to
each other as expected.

Test 2. As another test the flow velocity at the centre of the
jet exit was measured with different angular positions of the
probe. The probe angular orientation was changed from 0° to
60° with respect to the jet-exit surface plane while the jet-exit
velocity was kept as U; = 24 ms~'. The results of these

experiments are shown in figure 8. As the probe was rotated
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Figure 7. Jet-exit fluctuating velocity profiles at 0° and 10° probe
positions.
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Figure 9. Mean velocity values obtained at 10° probe angular
orientation at different jet-exit velocities at the centre of the jet exit.
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Figure 8. Mean velocity values obtained at different probe angular
orientations, U; = 24 ms~! at the centre of the jet exit.

around the horizontal y-axis by an angle 8, the V component
of velocity measured by the probe did not change with respect
to the jet coordinate system. The other velocity components
measured in the probe coordinate system were transformed to
the jet coordinate system.

The results agree closely with the results for the zero
angular position. The largest differences between the U, V
and W component data obtained at 0° and at other angles are
about 2% of the mean jet velocity. The differences between the
data are within the uncertainty bands including the uncertainty
of the angular and the axial positions of the probe with respect
to the jet, indicating that the probe can be used at any chosen
orientation.

Test 3. The last set of experiments was made once the probe
was held at 10° angular orientation at different preset jet mean
velocity values resulting in different Reynolds numbers of the
jet (figures 9 and 10). The U velocity component data are very
close to the expected results (U/U; = 1) with the measured
velocity values within 2% of the preset velocity. The largest
difference was observed at U; = 15 ms™! with a4% difference.
The fluctuating velocity data indicate that the u/ U ; and uv / U ]2
values increase with increasing Reynolds number similar to the
observations by Kwon and Seo (2005).

5. Uncertainty analysis

Data uncertainties were determined using two separate data
sets and using Chauvenet’s criterion (Holman 1978). For this
purpose two profiles taken at the jet exit at 10° and 0° probe
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Figure 10. Fluctuating velocity and kinematic shear stress obtained
at 10° probe angular orientation at different jet-exit velocities at the
centre of the jet exit.

Table 2. Uncertainties (20 ) in measured quantities at 21:1 odds.
u/u;
+0.012

V (ms™")
+0.5

W (ms™)
+0.55

Velocity component

Uncertainty

angular orientations under the same jet-exit conditions were
used (U; = 24 ms™'). The velocity components were first
determined in the jet coordinate system in order to express the
data in a single coordinate system and also to include the effect
of coordinate transformation in the uncertainty analysis. The
data were used to calculate the average of half of the absolute
differences between two data values for each quantity to
determine the d,.x. The standard deviation, o, was calculated
using

max =1.15.

)

The uncertainties presented in table 2 are for 20 deviation,
which results in 21:1 odds that repeat measurements will fall
within this deviation. The U velocity component is non-
dimensionalized by the centreline axial velocity, while for the
V and the W, the uncertainties were expressed in m s~! since
the measured velocity components were very close to zero thus
indicating the velocity resolution of the probe perpendicular
to the probe axis.

6. Conclusions

In this paper the design and testing of a unique miniature
fibre-optic 3D probe is described. The 3D-LDV probe
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was designed to measure the three components of the
velocity simultaneously using the dual-beam method and
heterodyne measurement techniques. The probe was built and
tested in a round free-jet flow. It was shown in the body
of the paper that the probe permits measurement of three
components of the flow velocity simultaneously to deduce
the three mean and three fluctuating components of velocity
as well as the higher order products. The probe was tested at
different angular positions and different jet-exit velocities. The
measurements showed that the differences between preset and
measured velocity were less than 2%. The high sensitivity of
the probe for the measurement of the axial velocity presents an
additional unique capability of the probe. This allows for very
small velocity magnitude measurements, such as the vertical
component of the velocity in a boundary layer.
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