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ABSTRACT
Laser Doppler velocity measurements based on the reference beam technique are well known since the initial
work by Yeh and Cummins (1964). Due to the specific signal generation of a reference beam arrangement, a
location of the trajectory of the scattering particle inside the measurement volume is possible by applying at least
two receivers. Two alternative solutions to this problem with a spatial resolution of about 10 µm over a length of
the measurement volume of more than 6 mm are described and experimentally verified in velocity profile
measurements.
The application of the phase Doppler principle to the reference beam technique allows simultaneous measurement of velocity, size and position of each particle inside the measurement volume. With this reference beam
PDA, the correlation between velocity, size and position of the disperse phase in multiphase flows with high
velocity gradients can be investigated without a relative displacement of the optical set-up. The paper presents
the theory of the reference beam PDA and first results of simultaneous measurements of velocity and particle size
profiles in boundary layers. According to the results of theoretical and experimental investigations, the reference
beam PDA is especially suited for particle sizing in the diameter range below 3 µm, i. e. a size range in which
traditional phase Doppler systems suffer from a poor diameter resolution, and allows in extension of conventional
phase Doppler systems a general improvement of the spatial and diameter resolution of phase Doppler measurements.

1. INTRODUCTION
The spatial resolution of conventional laser Doppler systems is limited by the dimensions of the measurement
volume. In applications with high velocity gradients, e. g. measurements in boundary layers, the integration of the
local velocity over the extension of the measurement volume of conventional laser Doppler systems cannot be
neglected. Hence various methods have been developed in the past to improve the spatial resolution. These
methods can be subdivided into methods of minimized intersection volumes of the laser beams (Karlson et al.
1992, Compton et al. 1996, Durst et al. 1996), selective spatial detection inside the measurement volume
(Mazumder et al. 1981, Wei et al. 1989, Gusmeroli and Martinelli 1991, Wittig et al. 1996) or coincident measurements of multicomponent systems (Dopheide et al. 1993). All these methods apply a sequential velocity
measurement at selected points to scan the part of the flow field of interest.
Similar difficulties occur with a simultaneous measurement of particle sizes based on the phase Doppler technique. Since velocity gradients and particle size distributions inside the measurement volume cannot be resolved
with conventional phase Doppler systems, an investigation of particle size-dependent separation and migration
effects required a displacement of the measurement volume relative to the measured object so far (Taniere et al.
1997, Chalé-Góngora and Brun 1998, Desantes et al. 1998).

2. FUNDAMENTALS
2.1 Location of the particle trajectory
The investigated configuration is based on a symmetric alignment of two laser Doppler systems according to the
reference beam principle (receivers R 1 and R 2 in Fig. 1, Strunck et al. 1993). In contrast to the widely used
"dual beam" or "differential Doppler" method, the Doppler signal is now generated by the superposition of a reference wave from the reference beam on the receiver and a wave scattered by a particle in the illuminating beam
(Drain 1980). Each receiver has its own virtual measurement volume aligned along the axis of the respective
illuminating beam. As a result of this symmetric structure, the angle between the main axes of these volumes corresponds to the beam crossing angle θ . From the Doppler frequency f D of the received signals, the velocity v x
and thus the coordinate z of the particle trajectory can be determined as a function of the time shift ∆t12 between
the Doppler signals of the receivers R 1 and R 2
z ( ∆t12 ) =

v x ∆t12
.
2 tan(θ / 2)

(1)

This measuring method was already successfully used for velocity measurements in laminar, transient and turbulent boundary layers (Strunck et al. 1994, 1998). Theoretical and experimental investigations have shown that a
resolution in the order of magnitude of 10 µm over a length of about 6 mm in the z-direction can be achieved
(Borys et al. 1998).
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Fig. 1: Beam and receiver alignment of a reference beam PDA

An alternative method to locate the particle trajectory inside the measurement volume is based on the
evaluation of the spatial frequency of the interference pattern in the reference beam. To describe the physical
background of this method, we will consider the signal generation on the receiver R 1 in the following. For the
receiver R 1 beam 1 is the reference beam and beam 2 the illuminating beam. The Doppler signal on R 1 is
generated by superposition of the reference wave of beam 1 with the wave scattered by a particle in beam 2.
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Depending on the position z 2 = z / cos(θ / 2 ) of the scattering particle along the axis of beam 2, reference and
scattered wave include an angle
 z 2 sin θ  z 2 sin θ
α ( z 2 ) = arctan 
≈
r01
 r01 − z 2 cos θ 

(2)

with r01 as the distance of the receiver R 1 from the origin in the point of intersection of the laser beams. Figure 2
shows the interference of the reference beam with the scattered wave in the plane of receiver R 1 for two different
angles α depending on the positions of the scattering particle along the beam axis of the illuminating beam z 2 .
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Fig. 2: Interference of the reference beam with the scattered wave in the plane of receiver R 1 for two different
positions of the scattering particle along the beam axis of the illuminating beam z 2 (calculated by light scattering analysis according to the Fourier-Lorenz-Mie theory (FLMT, Albrecht et al. 1995), Parameters: λ =
852 nm, θ = 9°, r01 = 0.7 m, radius of the beam waist rb = 65 µm)

The fringe spacing of the interference pattern in the receiver plane is given by
∆s(α ) =

λ r01
λ
.
≈
2 sin(α / 2 ) z 2 sin θ

(3)

It should be noticed that due to the integration of the interference pattern over the receiver surface the visibility of
the signal decreases with the fringe spacing ∆s(α ) and limits the range of constructive interference to (coherence
cone, Drain 1980, Borys et al. 1998)
r01 sin α c
sin(θ + α c )

(4)

 λ 
α c = arcsin 

 2d r 

(5)

z2 ≤
with

and the receiver diameter d r .
Equation (3) allows a location of the particle trajectory inside the measurement volume based on an
evaluation of the spatial frequency of the interference in the receiver plane of the reference beam. A realization of
this principle is possible by a measurement of the spatial frequency over a detector line or matrix or by a simple
measurement of the phase difference between the Doppler signals of at least two receivers in the reference beam.
The latter is outlined in Fig. 1 by the receivers R 1 and R 3 in beam 1. These are displaced by x r = 2r01 sin(ε / 2 )
in the receiver plane. From the phase difference ∆Φ 13 between the Doppler signals of the receivers the
coordinate z 2 of the particle trajectory in the plane of the laser beams can be calculated according to
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z2 =


 λ ∆Φ 13  
r01 sin 2 arcsin

 4π x r  


 λ ∆Φ 13  
sinθ + 2 arcsin

 4π x r  


≈

λ r01
∆Φ 13
2π x r sin(θ )

(6)

with a distance r01 = r03 of the receivers R 1 and R 3 from the origin in the point of intersection of the laser
beams. For phase differences −π < ∆Φ 13 < π , the coordinate z 2 can be determined without ambiguity.
Therefore the displacement between the receivers in the receiver plane x r should be chosen as small as possible.
The smallest value is reached if xr is just the receiver diameter d r with a phase range corresponding to the range
of constructive interference over the receiver surface according to Eqs. (4) and (5). This value can be achieved in
good approximation using integrated multi-element receivers or fiber arrangements. For an integrated receiver,
for example CENTRONIC Ltd. type LD2-5T, with two elements with a diameter of d r = 500 µm, a displacement
of their centers in the x-direction of x r = 550 µm, a receiver distance of r0r = 1 m, a wavelength of λ = 852 nm
and a beam crossing angle of θ = 9° , particle trajectories can be located according to Eq. (6) without ambiguity
in a range -5 mm< z 2 <5 mm. Whether the whole length corresponding to a phase difference of one period can be
exploited depends on the signal quality and the lower bounds of the signal acquisition and validation. If a signal
detection outside of this range cannot be excluded, ambiguities can be eliminated similar to the method used in
the phase Doppler technique by additional receiver elements at positions displaced from the x-z plane and a
distance x r < d r from one receiver in the x-z plane. Because of the small angle ε = 0.03° between the receivers
in the example given above, the influence of the particle diameter on the measured phase difference can be
neglected. The deviation of the measured Doppler frequencies is much smaller than 1% and can be easily
corrected since the geometry is known.
2.2 Simultaneous particle sizing
A simultaneous measurement of particle sizes can be realized by an additional receiver pair outside of the laser
beams. In this case, the particle sizes would be measured inside the measurement volume of a conventional phase
Doppler system. This effort for extended hardware, signal acquisition and signal processing would not be
necessary if in addition to the time shift the phase of the reference signals could be exploited. But in contrast to
conventional phase Doppler systems, the Doppler signals are now generated due to the superposition of a
reference wave from the reference beam on the receiver and a wave scattered by a particle in the illuminating
beam instead of a superposition of two scattered waves. The physical background and characteristics of such a
reference beam PDA will be described in a first step for particles in the vicinity of the point of intersection of the
laser beams.
2.2.1 Phase difference of the reference signals in the range of geometrical optics
An analysis of the relations between the phase difference of the Doppler signals and the particle diameter in the
considered reference system has to be performed similar to the known analysis of the "classical" PDA for reflection and refraction (Bachalo and Houser 1984, Bauckhage and Flögel 1984, Saffman et al. 1984). Because of the
specifics of the reference beam technique, this will be described more detailed for the scattering orders reflection
and 1st refraction.
Reflection
The alternating part of the Doppler signal is generated by the superposition of the field strength of the reference
beam
(7)
E b1 = E b1 (r01 ) cos(ω t − Φ b1 (r01 ))
and the wave scattered by the particle in the illuminating beam
E s 21 ∼ E b2 (r021 ) cos(ω t − Φ 021 − k p 21 ⋅ r p 21 )

(8)

I AC1 ∼ E b1 (r01 ) E b2 (r021 ) cos( Φ b1 (r01 ) − Φ 021 − k p 21 ⋅ r p 21 )

(9)

resulting in an intensity
on the receiver R1 in Fig. 3. The phase Φ b1 (r01 ) describes the phase of the reference beam at the receiver posi1)
tion and Φ 021 the phase of the illuminating beam at the interaction point rr(21
between the particle and the illuminating beam for reflection.
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Fig. 3: Signal generation for the reference beam technique by reflection

For a Gaussian beam both can be described by

( x cos(θ / 2) + z sin( ±θ / 2)) 2 + y 2 
Φ b = k b  x sin( ±θ / 2) + z cos(θ / 2) +

2 Rb


 x sin( ±θ / 2 ) + z cos(θ / 2 ) 
− arctan 

lb



(10)

with the Rayleigh length l b and the curvature of the wave front Rb (Albrecht 1986). The intensity on the receiver R2 in Fig. 3 can be written in analogy to Eq. (9). From the phases of both intensities the phase difference
is given by
∆Φ 12 refl = Φ 1 − Φ 2 = Φ b1 (r01 ) + Φ b2 (r02 ) − Φ 021 − Φ 012 − k p 21 ⋅ r p 21 − k p12 ⋅ r p12 .

(11)

This general formulation can be simplified for a receiver in the far field ( r01 >> r021 ), focused laser beams
( r01 >> l b ) and a particle in the point of intersection of the beam axes ( r0 p = 0 ) to
∆Φ 12 refl ≈

2π
1)
1)
1)
( e 01 ⋅ rr(21
+ e 02 ⋅ rr(12
− e k1 ⋅ rr(12
− e k 2 ⋅ rr(121) ) − π
λ

(12)

with e as the unit vector. Because of the symmetry of the used configuration we get
1)
1)
1)
1)
= e 02 ⋅ rr(12
= − e k1 ⋅ rr(12
= − e k 2 ⋅ rr(21
= rp sin(θ / 2)
e 01 ⋅ rr(21

(13)

and
∆Φ 12 refl ≈

dp
2π
d p 2 sin(θ / 2 ) − π = 2π
−π
∆x
λ

(14)

with the particle diameter d p and the fringe spacing of the virtual interference pattern ∆x . This result can be
simply interpreted by the glare points for reflection. Because of the symmetry of the used configuration, the distance between the glare points on the particle surface is just the particle diameter. Hence the relation between
particle diameter and fringe spacing of the interference field gives the periods of the measured phase difference.
Since the path difference between reference wave and reflected wave is equal to the difference between the waves
reflected in the two beams, the particle size-dependent phase term in Eq. (14) is only a special case of the known
phase Doppler relation for reflection (off-axis angle ϕ = 0 , elevation angle ψ = ±θ / 2 ). The additional phase
shift by π results from the phase difference of π / 2 between scattered wave and reference wave in the far field
of a focused Gaussian beam ( r01 >> l b ). It has to be canceled for a reference beam with a homogeneous field
characteristic.
1st refraction
In addition to the described phase analysis for reflection, we have to consider for the 1 st refraction the phase shift
due to the path of the refracted light through the particle (Fig. 4). For the receivers R1 and R2 this additional
phase can be described by
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k t 21 ⋅ rt 21 =

2π ( 2 )
2π
2π ( 2 )
2π
1)
m d p sin τ 21
m d p sin τ 12′
′ and k t12 ⋅ rt12 =
=
r − r ( 1) =
r − rr(12
λ r 21 r 21
λ
λ r12
λ

(15)

respectively, with m = n particle / n continuum as the relative refractive index. When extending Eq. (11) by these phase
terms, we get
∆Φ 12 refr = Φ b1 (r01 ) + Φ b2 (r02 ) − Φ 021 − Φ 012 − k t 21 ⋅ rt 21 − k t12 ⋅ rt12 − k p 21 ⋅ r p 21 − k p12 ⋅ r p12

.

(16)

Similar to the phase analysis for reflection this general formulation can be simplified for a receiver in the far field
( r01 >> r021 ), focused laser beams ( r01 >> l b ) and a particle in the point of intersection of the beam axes ( r0 p = 0 )
to
∆Φ 12 refr ≈

}

2π
2)
1)
1)
+ e 02 ⋅ rr(122) − e k1 ⋅ rr(12
− e k 2 ⋅ rr(21
− m d p (sin τ 21
′ + sin τ 12′ ) − π
e 01 ⋅ rr(21
λ

{

.

(17)

receiver R 1
reference beam
refracted part of the
illum inating beam
particle

r0 1
21

r p 21

r0 p

r r( 212)

k2
r 0 21
r r(12 1)

k1

21

r t(121)

Fig. 4: Signal generation for the reference beam technique by refraction

Because of the symmetry of the used configuration, all phase terms in Eq. (17) can be expressed as a function of
the wavelength λ , particle diameter d p , relative refractive index m and intersection angle θ :
∆Φ 12 refr = −

4π
d p 1 + m 2 − 2m cos(θ / 2) − π
λ

(18)

For a small angle θ , the size-dependent phase difference of the reference beam PDA corresponds to twice the
optical path difference between reference wave and refracted wave through the center of the particle
( lim ∆Φ 12 refr = −(4π / λ )(m − 1) d p − π ). Under the same condition, the phase difference of a common PDA
θ →0

system for refraction
∆Φ refr =

{

4π
d p (m − 1) − 1 + m 2 − 2m cos(θ / 2)
λ

}

(19)

would converge to zero. A comparison between the Eqs. (18) and (19) shows a much higher diameter resolution
of the reference beam PDA (already mentioned by Strunck et al. 1994). Figure 5 gives the phase curves for a
planar and a reference beam PDA. Although the angle between the receivers of the planar set-up was chosen
larger, the diameter resolution of the reference PDA is more than five times higher. Hence a combination of a
reference beam and a conventional PDA offers the possibility of improving the diameter resolution.
For transparent particles with diameters d p >> λ , the influence of the refracted light dominates in the
forward scattering direction. However, the superposition of diffracted and reflected light with the reference wave
has to be taken into account. Similar to the known influence in conventional PDA systems, deviations from the
linear phase diameter relationship have to be expected for the reference beam PDA. Figure 5 therefore shows a
comparison between the phase diameter relation for the reference beam PDA according to Eq. (18) and the result
of a light scattering analysis based on the Fourier-Lorenz-Mie theory (FLMT, Albrecht et al. 1995).
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Fig. 5: Phase difference for refraction as a function of the particle diameter for a planar and reference beam
PDA (Parameters: m=1.33, λ =852 nm, θ = 18.9°, Planar PDA: ψ = ±13°)

2.2.2 Phase difference of the reference signals in the size range below 5 λ
Because of the poor diameter resolution, the scattered light power and strong oscillations in the phase diameter
relation, common phase Doppler measurements are difficult in this size range. Figure 6 shows the phase difference as a function of the particle diameter for a standard, a planar and a reference beam PDA. In comparison
to a common PDA, the curve of the reference beam PDA shows a behavior which is obviously different. Because
of a phase difference of π / 2 between the phase of the reference wave in the far field of a focused Gaussian
beam and a wave scattered by particles with diameters d p < λ / 5 , the phase difference in the Rayleigh region
has a value of π instead of 0. In contrast to conventional PDA systems, the phase curve of the reference beam
PDA has a more linear behavior and provides a better diameter resolution for particles in the micrometer and
submicrometer region. A further advantage results from the alternating part of the scattered power of a reference
system which is given by the product of the field strengths of the reference and scattered wave instead of two
scattered waves. As a consequence, the decrease of the alternating signal amplitude with the particle diameter in
Fig. 7 is much smaller (in the Rayleigh region: PAC ~ d p3 instead of d p6 ). Hence, with a reference beam PDA
based on low-noise lasers (laser diodes, Nd:YAG lasers), particle sizing in the submicrometer range can be
realized with relatively modest efforts.

Fig. 6: Phase difference as a function of the particle diameter for a standard PDA ( ϕ = 30°, ψ = ±20°), planar
PDA ( ϕ = 0°, ψ = ±20°) and reference beam PDA ( m = 1.33, λ = 852 nm, θ = 9°)
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Fig. 7: Alternating part of the light power on the receiver as a function of the particle diameter (Parameters:
m = 1.33, λ = 852 nm, θ = 9°) for a standard PDA ( ϕ = 30°, ψ = ±20°, NA = 0.05), planar PDA ( ϕ = 0°,

ψ = ±20°, NA = 0.05) and reference beam PDA ( NA = 7.1 × 10 −4 )

3. SIGNAL PROCESSING
The alternating part of a measured Doppler signal can be described by the equation
f(t ) = A e

−2

( t − t max ) 2
t B2

cos(ω D t − φ )

(20)

with the signal amplitude A , the time of the signal maximum t max , the half burst duration t B , the angular frequency ω D = 2πf D and phase φ (Fig. 8a). A location of the particle trajectory inside the measurement volume
and simultaneous particle sizing based on the methods given in section 2 require an estimation of the Doppler
frequency, the time displacement and the phase difference of the Doppler signals. Especially for Doppler signals
with low signal-to-noise ratios, signal processing in the frequency domain is advantageous and quite usual. The
Fourier transform of the function f( t ) according to Eq. (20) is given by
F{f(t )} =

A π  − t B (ω +8ω D )
t e
2 2 B 
2

2

− j ((ω + ω D ) t max − φ )

+e

−

t B2 (ω −ω D ) 2
+ j ((ω −ω D ) t max −φ )
8


 .


(21)

An efficient discrete computation of the Fourier transform of digitized samples can be performed by the wellknown fast Fourier transform (FFT). The highest spectral line in the discrete amplitude spectrum is only a first
approximation to the Doppler frequency f D (Fig. 8b). Several interpolation procedures have been developed to
improve the accuracy of the frequency estimation (Shinpaugh et al. 1992), e. g. centroid, parabolic and Gaussian
fits. The latter is especially suited for Doppler signals with a Gaussian envelope and a burst duration smaller than
the sampled time window (essential for the described time displacement method). A more recent analysis which
is quite efficient even for Doppler signals truncated by the sampled time window is similar to the centroid fit but
uses a weighted evaluation scheme of the center of gravity of the complete Doppler peak. With squared
amplitudes of the spectral lines a 2 ( i ) at the discrete frequencies i, the weighting coefficients g ( i) and the
integer number n of f D , the Doppler frequency is given by
fD =

i= n + #

∑ g( i ) a

i= n + #
2

(i) i

i= n − #

∑ g( i ) a

2

(i) .

(22)

i=n−#

In a first step the weighting coefficients are 1 but the coefficients at i = n±# are only 1 2 . This equation is iterated up to the case that the integer number n of f D remains unchanged. Then the weighting coefficients at the
boundaries are replaced by
g( i = n − # ) = 1 2 + ( n − f D )

and

g( i = n + # ) = 1 2 − ( n − f D )

(23)

and the remaining quadratic expression for f D then is solved. The value # is dependent on the number of fringes
in the measurement volume and on the sampled window in the time domain of the digitizer. Usually it can be set
to 3 or 4 and may be increased with rising frequency. This procedure is reliable to obtain a center of gravity in
the middle of the examined peak area with linearly interpolated edges and to avoid digitizing artifacts. Secondly,
the routine is faster than transcendental functions, e. g. interpolation by trigonometric or logarithmic algorithms.
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The estimation of the phase difference of the Doppler signals is well known from signal processing algorithms
used in the phase Doppler technique. According to Eq. (21), the phase spectrum of a Doppler signal
Arg[F{f( t )}] shows a linear behavior around the Doppler frequency. A linear fit of the phase values at the
Doppler frequency gives the phase φ of the Gaussian modulated harmonic f( t ) . The phase difference at the
Doppler frequency can be taken as the difference of both phase spectra or from the phase of the cross-correlation
function (CCF) as described by Domnick et al. (1988).
A rather exceptional case in the laser Doppler and phase Doppler technique is the estimation of the time of
the signal maximum t max and the time displacement between two Doppler signals ∆t12 = t max 1 − t max 2 ,
respectively. Considering the Fourier transform of a Doppler signal F{f( t )} according to Eq. (21), the time of the
signal maximum t max is given by the linear gradient in the phase spectrum
t max =

1 d φ( f )
2π d f

,

(24)

which can be calculated according to the linear fit already used for the estimation of the signal phase. Similar to
the phase difference, the time displacement between two Doppler signals can be calculated from two phase
gradients of the two phase spectra or from one phase gradient in the phase spectrum of the CCF (Albrecht et al.
1993). To use to the farthest possible extent spectral lines above the noise floor in the spectrum, the 2π
ambiguities of the phase have to be eliminated. Since the time of the signal maximum t max has to be after the first
sample, this can be achieved by allowing only positive phase gradients in the phase spectrum of one Doppler
signal (Fig. 8c,d). The phase gradient in the CCF can be positive or negative. Therefore an elimination of the 2π
ambiguities is possible only on condition that the absolute value of the time displacement between the two
Doppler signals is smaller than half the length of the sampled time window (Borys 1996).
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/

°

a)
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Fig. 8: a) Alternating part of the received Doppler signal, b) Amplitude spectrum, c) Phase spectrum, d) Phase
spectrum with eliminated 2π ambiguities

3. EXPERIMENTAL VERIFICATION
To verify the fundamentals of the described measuring techniques, different experimental investigations had to be
carried out. First we proved the time displacement and the phase difference method to locate the particle
trajectory. For the receivers R 1 and R 3 in Fig. 1, an integrated two-element PIN diode with a diameter of the
sensitive surfaces of d r = 500 µm and a displacement of their centers in the x-direction of x r = 550 µm
(CENTRONIC Ltd., type LD2-5T) was applied. For the receiver R 2 in Fig. 1, we used a normal PIN diode.
With both systems the position of a wire with a diameter of 25 µm was measured. The wire was fixed on a
rotating disk and traversed through the measurement volume. Figure 9a gives an example of the resolution
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obtained by a relative displacement of the wire in steps of 20 µm over a length of 200 µm. Because of the longer
time window, which has to be sampled for the time displacement method in order to cover the displaced Doppler
signals without a significant truncation, the average SNR was about 5 dB lower than the SNR of the signals
sampled for the phase difference method (23 dB). For the standard deviation of the measured coordinates by the
time displacement method we obtained values between 12 µm and 16 µm and for the phase difference method
between 7 µm and 9 µm. The average deviation of the mean values of both methods was significantly smaller
than 10 µm. Additionally coincident measurements were performed with both systems in front of a wind tunnel
nozzle. Figure 9b shows the good correlation between the raw data measured over a length of approximately
8 mm by the time displacement and the phase difference method.
In the experiments for simultaneous particle sizing, in addition to the reference beam PDA, a planar PDA and
a common seeding generator (DANTEC, type 55L18) were used. A preliminary examination of the size distribution of this seeding generator gives a mean geometric droplet diameter of 1.65 µm with a standard deviation of
0.3 µm.

z( ∆Φ1 3 )

mm

z( ∆t 12 )
a)

mm

b)

Fig. 9: a) Comparison between time displacement and phase difference method for a location of the position of a
wire (diameter 25 µm) in the measurement volume, b) correlation of coincident measurements with both systems
in front of a wind tunnel nozzle

a)

b)

Fig. 10: Coincident measurements with planar and reference beam PDA: a) correlation of measured particle
sizes, b) measured particle sizes as a function of the z-coordinate inside the measurement volume of the planar
PDA ( m = 1.33, λ = 852 nm, θ = 9°, Planar-PDA: ψ = ±11.5°)
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Figure 10 shows the results of a coincident measurement with a planar and a reference beam system in a free flow
of the seeding generator. Since the signal rate of the reference system was much higher, it was triggered by the
planar PDA for coincident measurements. The measured diameters of both systems are in compliance with each
other. Because of the poor sensitivity of the planar system for particles smaller 1.2 µm, the size distribution is
truncated towards smaller particles. With the coincident measurements the measured particle sizes can be resolved inside the measurement volume of the planar system by evaluating the time shift of the reference signals
according to Eq. (1). As a result of the higher light intensity, Fig. 10b shows a minor shift towards smaller particles in the center of the measurement volume of the planar system. In order to change the spatial size distribution,
a plane glass plate was placed in the free flow of the seeding generator. Figure 11 shows the profiles of the velocity and particle sizes in the boundary layer measured with the reference PDA. In spite of the low velocity
gradient and the narrow particle size distribution of the seeding generator ( σ = 0.3 µm), the dependence of the
detected particle sizes on the distance from the surface of the glass plate is obvious.

a)
b)
Fig. 11: Local dependencies of the velocity (a) and detected particle sizes (b) in a boundary layer of a plane
plate in a free flow of a seeding generator measured with the reference beam PDA (z-coordinate perpendicular
to the surface of the plate with respect to the center of the measurement volume)

3. SUMMARY AND CONCLUSIONS
Two alternative methods to locate the particle trajectory in the measurement volume of a reference beam
arrangement have been described and experimentally verified. Both methods enable an estimation of the particle
trajectory in the plane of the laser beams over a length of about 10 mm. The resolution depends on the
measurement range and the signal quality. Since the phase difference method according to Eq. (6) projects the
measured length onto a phase range of 2π and a phase resolution of about one degree can be achieved for good
SNR values of about 15 dB and 512 sample points (Domnick et al. 1988, Ibrahim et al. 1991), a resolution of less
than 0.3% of the measurement range seems to be achievable. Because of the dependence of the measurement
range on the receiver aperture, i. e. receiver distance and diameter, a length of e. g. 1 cm or only 1 mm can be
measured with an estimated resolution of about 30 µm and 3 µm, respectively. This offers the possibility of
adapting the measurement range and resolution to the application. If a shifted optical system is used even the zcoordinate of scatterers without a velocity component in x-direction can be measured by the phase difference
method.
Furthermore, theory and first results of a phase Doppler system based on the reference beam technique have
been presented. The new method allows the simultaneous measurement of velocity, size and position of the scattering particle inside the measurement volume with a spatial resolution in the order of magnitude of 10 µm. The
reference beam PDA is advantageous for the measurement of particles in the size range below 3 µm. It allows
simultaneous measurement of velocity and particle size profiles in boundary layers and can be used in extension
of common phase Doppler systems to generally improve the spatial and size resolution.
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