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Abstract: Laser speckle velocimetry (LSV) is presented to measure the
velocities of nanoparticles in nanofluids and its feasibility is verified in this
paper. An optical scattering model of a single nanoparticle is developed and
numerical computations are done to simulate the formation of the speckles
by the addition of the complex amplitudes of the scattering lights from
multiple nanoparticles. Then relative experiments are done to form speckles
when nanofluids are illuminated by a laser beam. The results of the
experiments are in agreement with the numerical results, which verify the
feasibility of utilizing LSV to measure the velocities of nanoparticles in
nanofluids.
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1. Introduction
The conception of nanofluid [1] was first proposed by Choi of Argonne National Lab of
United States in 1995. A certain volume fraction of nanoparticles, which remarkably enhance
the heat transfer [2] of the fluid, were added into a base fluid in a certain manner.
Nanoparticles keep moving irregularly in nanofluids because of the effects of several
factors such as gravity, Brownian force, and friction force between the fluid and particles. The
irregular movements [3-6] of nanoparticles are the key factors that cause the remarkable
enhancement of heat transfer of the nanofluids, so it is significant to investigate the
movements of the nanoparticles in nanofluids for understanding the enhancement mechanism.
Considering that there is great comparability between detecting the movements of
nanoparticles in nanofluids and measuring the velocity distribution of flow field by seeding
fluid with small particles, particle image velocimetry (PIV) [7,8], laser Doppler velocimetry
(LDV) [9,10] and LSV [11-13] may be useful in our present study, which both seed
transparent fluid with some visible particles of micron magnitudes.
However, the ultrafine size of nanoparticle makes it have strong absorption and extremely
weak scattering of the visible light, therefore, image of a single nanoparticle can not directly
be formed on the recording film. As a result, available PIV technique is not competent for
measuring the velocities of nanoparticles in nanofluids.
J. David Briers [14] reveals that LDV and LSV are effectively identical. However, in spite
of their equivalence, there are distinctions between the two techniques. LDV is a pointwise
technique for measuring the local velocity in a flowing fluid. In LDV, the Doppler frequency
shift of laser light that has been scattered by small particles moving with the fluid is measured,
and it depends only on the velocity of the particle and the scattering geometry. In order to be
adapted to LDV applications, seeding particles must scatter enough light to produce a good
signal-to-noise ratio. Therefore, the diameter of the seeding particle is typically 0.1 to 10μm.
And there is no literature reveals that LDV can be utilized to measure the velocities of
nanoparticles in nanofluids so far.
However, in LSV, velocity distribution of the flowing fluid is obtained by measuring the
velocities of the speckles formed by the interference of the scattering lights from multiple
particles in fluid. According to Adrian [15] and Yao’s research, the main difference between
LSV and PIV is the concentration of the seeding particles in fluid. When the concentration is
low, the distances between particles are so long that the scattering lights can not interfere,
therefore, separate particle images will be formed on the recording film, and this is particle
image mode. However, when the concentration is high, the distances between particles are
short enough to satisfy the spatial interference condition, and light intensity in space is
redistributed and speckles are formed on the recording film because of the interference of the
scattering lights, and this is speckle pattern mode. Therefore, as far as the volume fraction of
nanoparticles is kept proper, the distances between nanoparticles are short enough to satisfy
the spatial interference condition, and the scattering light from different nanoparticles will
interfere and form speckles on the recording film.
To verify the feasibility of utilizing LSV to measure the velocities of nanoparticles in
nanofluids, the optical scattering characteristics of a single nanoparticle are researched, and
numerical computations are done to simulate the formation of the speckles by the addition of
the complex amplitudes of the scattering lights from nanoparticles in nanofluids. An
experimental setup is established to do some relative experiments, in which nanofluids are
illuminated by a monochromatic parallel laser beam to form speckles. And the correlation

#71969 - $15.00 USD
(C) 2006 OSA

Received 13 June 2006; revised 24 July 2006; accepted 25 July 2006
21 August 2006 / Vol. 14, No. 17 / OPTICS EXPRESS 7560

between the two consecutive speckle patterns recorded by high speed CCD camera is
obtained. The results of the experiments are in agreement with the numerical results.
2. Scattering characteristic of a single nanoparticle
2.1 Electric dipole model for Rayleigh scattering
It is Rayleigh scattering that acts when a nanoparticle is illuminated by a laser beam whose
wavelength is much bigger than the diameter of the nanoparticle, and it can be described with
electromagnetic wave theory.
As shown in Fig. 1, the incident light which is linearly polarized in Y axis direction
illuminates along the forward direction of Z axis, the atom at the origin of coordinates
becomes a electric dipole that oscillates along Y axis under the effects of the incident light and
sends out secondary electromagnetic waves around, and this is the electric dipole model for
Rayleigh scattering.
The electric dipole moment [16] is written as
e2
1
(1)
P (t ) =
E 0 exp ( iω t ).
2
m ω0 − ω 2
where ω is the circle frequency of the incident light; ω0 is the natural frequency of the dipole;
e is the charge of electron respectively; m is the quality of the nanoparticle; E0 is the
amplitude of the incident light.

Y
k
B

p
¦Õ
32¡ã

E

Z

X
Fig. 1. Electric dipole model for Rayleigh scattering.

The electric-field intensity at a point that is R distant from the dipole is written as
E=

⎡ 
p
⎣

1
4πε 0 c

2

( t − R / c ) × R ⎤⎦ × R
R3

.

(2)

where the parameter (t-R/c) represents the time delay; 
p is the second differential of the
electric dipole moment and should be written as
e2
ω2
(3)
p (t ) = −
E 0 ex p( iω t ).
m ω 02 − ω 2
Substituting Eq. (3) into Eq. (2) yields
π E0
e2
sin φ
(4)
ES = −
exp[i (ωt − kR )]( p0 × n × n ).
2
2
ε 0 λ m(ω0 − ω 2 ) R
where φ is the angle between the propagating direction of the scattering light and the
oscillating direction of the dipole; k is wave number and equals 2π/λ; p0 is the oscillating
direction of the incident light; n is the direction vector of the scattering light and the
subscript S denotes that ES is the electric-field intensity of the scattering light.
It can be concluded from Eq. (4) that the amplitude, phase and polarization of the
scattering lights from the same nanoparticle at different points are different; and at the same
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point in space, the amplitude, phase and polarization of the scattering lights from different
nanoparticles are different too.
Considering the physical meaning of complex expression exp(iωt ) = cos ωt + i sin ωt , the
complex amplitude of the scattering light can be written as
sin φ
(5)
ES = EC
cos kR.
R
e2
.
where EC equals − π E0
ε 0 λ 2 m(ω02 − ω 2 )
2.2 Polarization of the scattering light
It can be concluded from above that, when a nanoparticle is illuminated by a monochromatic
polarized light, the polarization of its Rayleigh scattering lights at different points in space are
different.
Since the monochromatic laser beam used in our experiment is not polarized, it can be
decomposed to two linearly polarized lights that oscillate along X axis and Y axis respectively.
The intensity of the incident light is supposed to be I0, and each of the two linearly polarized
lights has the intensity of I0/2 and the amplitude of 2 E0 / 2 .
When a nanoparticle is illuminated by a linearly polarized laser that oscillates along Y
axis, its Rayleigh scattering light at a point on the screen is illustrated as Fig. 2. The
nanoparticle locates at Point A whose coordinates are (x, y, z), and its scattering light
propagates to Point B whose coordinates are (x1, y1, z1). The coordinates of Point A’ and C are
respectively (x, y, z1) and (x1, y, z1). Plane ABC is parallel to Y axis. φ is the angle between the
direction of the scattering light and the forward direction of Y axis, and it ranges from 0 to π. θ
is the angle between plane ABC and plane YOZ.
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Fig. 2. Polarization of the scattering light when the incident light is Y axis polarized.

According to Fig. 2 the scattering light at Point B oscillates in plane ABC and is
perpendicular to AB. cos φY = y0 R and cos θY = z0 ( x02 + z02 )1/ 2 , where x0 = x1 − x ,

y0 = y1 − y, z0 = z1 − z and the subscript Y denotes that the incident laser oscillates along Y axis.
The complex amplitude of the scattering light at Point B can be decomposed respectively in
the direction of X axis, Y axis and Z axis.
According to Eq. (5) and Fig. 2, the complex amplitude components can respectively be
written as
E X = ES cos φY sin θY =
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x2 + z 2
2
EC ⋅ 0 3 0 ⋅ cos kR.
2
R
2
yz
EZ = ES cos φY cos θY =
EC ⋅ 0 30 cos kR.
2
R
EY = ES sin φY =

(7)
(8)

In like manner, as illustrated in Fig. 3, when a nanoparticle at Point A is illuminated by a
linearly polarized laser that oscillates along X axis, its scattering light at Point B oscillates in
plane ABC and is perpendicular to AB. cos φ X = x0 R and cos θ X = z0 ( y02 + z02 )1/ 2 , where
subscript X denotes that the incident laser oscillates along X axis. The complex amplitude of
the scattering light at Point B can also be decomposed respectively in the direction of X axis, Y
axis and Z axis and yields

2
y2 + z2
EC ⋅ 0 3 0 cos kR.
2
R
2
xy
EY = ES cos φX sin θ X =
EC ⋅ 0 3 0 cos kR.
2
R
2
xz
EZ = ES cos φ X cos θ X =
EC ⋅ 0 30 cos kR.
2
R
E X = ES sin φ X =

(9)
(10)
(11)
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Fig. 3. Polarization of the scattering light when the incident light is X axis polarized.

Summing the corresponding Eqs. up yields

2
x y + y2 + z2
EC ⋅ 0 0 30 0 ⋅ cos kR.
2
R
2
x y + x2 + z 2
EY =
EC ⋅ 0 0 30 0 ⋅ cos kR.
2
R
2
xz +y z
EZ =
EC ⋅ 0 0 3 0 0 ⋅ cos kR.
2
R
EX =

(12)
(13)
(14)

3. Speckle patterns formed by the scattering lights from multiple nanoparticles

When nanofluids are illuminated by a laser beam, speckles are formed by the addition of the
complex amplitudes of the scattering lights from multiple nanoparticles. For any given
nanoparticle whose coordinates are available, the complex amplitudes of the scattering light at
any point in space should refer to Eqs. (12), (13) and (14). The total electric-field intensity at
the point is

E =i
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where N is the number of the nanoparticles, E nX , EnY and EnZ are the complex amplitude
components of the scattering light from the nth nanoparticle respectively in the direction of X
axis, Y axis and Z axis.

3.1 Computational model
In order to do the numerical computations, a computational model is established as Fig. 4. The
radius of the monochromatic parallel laser beam is 1mm. The screen is parallel to the back of
the vessel and is 1cm distant. Nanoparticles are supposed to be approximately proportional
spacing distributed in the vessel. The cylinder region that laser passes can be divided into
plenty of little cubes. Each cube contains only one nanoparticle and the side length of the cube
changes with the volume fraction of the nanoparticles. For example the side length is 0.94μm
when the particle volume fraction is 0.0005%. By establishing this physical model the
coordinates of each nanoparticle can be substituted with the central coordinates of the cube
plus a random number which denotes the randomness of its coordinates. Therefore, the
complex amplitude components of the scattering lights at any point on the screen from any
nanoparticle can be obtained.
nanoparticle

Y

cube
X

1mm

a

Fig. 4. Computational model.

3.2 Numerical results
On the basis of the computational model, numerical computations are done to simulate the
formation of the speckles by the addition of the complex amplitudes of the scattering lights
from nanoparticles. The complex amplitude components at any point refer to Eqs. (12), (13)
and (14). As shown in Fig. 4, according to Eq. (15) the numerical computations are done at
121 points that even distributed on a 1cm×1cm square area in the center of the screen.
The intensities at the 121 points at two different moments are illustrated with bar charts in
Fig. 5 while the thickness of the vessel is 10μm. Several conclusions can be made as follow.
(1)
The intensities at few points are much stronger than the intensities at the other points.
Therefore, bright speckles are formed at few points.
More numerical computations are done while the thickness of the vessel ranges from 1μm
to 100μm, and the results show that the number of bright speckles occupies less than 9% of
the total. Therefore, the speckle pattern formed on the screen or recorded by the CCD camera
consists of relatively few bright speckles and plenty of dark speckles. It can also be concluded
that the speckle pattern is in agreement with the normal distribution basically according to the
numerical results.
Comparing the two bar charts in Fig. 5, it is found out that there is great difference
(2)
between them, which denotes that the intensity distribution of the speckle pattern on the
screen changes with the movements of the nanoparticles, in other words, speckles move with
the movements of the nanoparticles.
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Fig. 5. Intensity distribution at two different moments when the thickness of the vessel is 10μ m.

3.3 Experimental results
Relative experiments are done to prove the results of the numerical simulations. The
experimental setup is illustrated as Fig. 6. Nanofluids used in our experiment consist of water
and a certain volume fraction of Fe3O4 nanoparticles whose average radius is 20nm. As shown
in Fig. 6, a vessel filled with nanofluids is illuminated perpendicularly by a monochromatic
parallel continuous laser beam with wavelength of 532nm and a screen or a high speed CCD
camera is mounted parallel back of the vessel to observe or to record the speckles.
Vessel

Screen

LASER
Fig. 6. Experimental setup.

Figure 7 is part of a typical speckle pattern recorded by high CCD camera while the power
of the laser is 20mW, the thickness of the vessel is 1cm and the volume fraction of the
nanoparticles is 0.0005%. The experimental results are in agreement with the numerical
results basically.

Fig. 7. Part of a typical speckle pattern.

3.4 Discussions
(1)
It can be concluded from Fig. 7 that the speckle pattern consists of relatively few
bright speckles and plenty of dark speckles, which is in agreement with the numerical results.
This is because when a vessel filled with nanofluids containing a proper volume fraction
of nanoparticles is illuminated perpendicularly by a monochromatic parallel laser beam, each
nanoparticle will scatter light around. Since the scattering lights from different nanoparticles
are all the secondary waves produced by the monochromatic incident laser, the time
interference condition is satisfied; the distances between nanoparticles are small enough to
satisfy the space interference condition, therefore, the scattering light will interfere on the
screen and speckles are formed at few points bright. Numerical results also show that the
speckles formed satisfy the normal distribution.
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(2)
It can also be found out in experiments that the bright speckles keep moving in the
dynamic speckle pattern formed on the screen.
This is because at a given point on the screen, the amplitude, phase and polarization of the
scattering light from each nanoparticle keep changing because of its random movement
caused by the forces it suffers, so the intensity at that point keeps changing too. Consequently
the movements of the nanoparticles cause the redistribution of the intensity on the screen, and
the endless random movements of bright speckles can be seen clearly on the screen in
experiment, which is verified by the numerical results too.
In addition, it is found out that there is correlation between two consecutive speckle
(3)
patterns recorded by high CCD camera.
The velocities of the speckles can be obtained by the cross-correlation calculation of the
two patterns. The correlation between the movements of the nanoparticles and the movements
of the speckles is discussed and obtained in another paper. Therefore, LSV can be utilized to
measure the velocities of the nanoparticles in nanofluids.
4. Conclusion

An optical scattering model of a single nanoparticle is developed and the speckle patterns
formed by the addition of the complex amplitudes of the scattering lights from multiple
nanoparticles are numerically simulated. Experiments are done to verify the numerical results.
It can be concluded from both the numerical and experimental results that speckles can be
formed when nanofluids containing a certain volume fraction of nanoparticles are illuminated
by a monochromatic laser beam. Since LSV utilizes the correlation between the movements of
the seeding particles and the movements of the speckles formed by the interference of the
scattering lights from the particles to measure the velocities of the particles, it can also be
utilized to measure the velocities of the nanoparticles in nanofluids.
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