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Introducción y clasificación

Objetivos

Comprender el principio de funcionamiento de PIV

Conocer algunos aspectos de identificación de parámetros de
medición
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Introducción y clasificación

Generalidades

Plano(s) de Luz (led, láser, halógena, etc.)

Cámara

Post-procesamiento de video

Densidad de partículas relativamente baja

Partículas advectadas por el flujo
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Introducción y clasificación

PIV y PTV

PIV PTV

Cantidad de partículas alta baja
Individualización ventana partícula
Tamaño de trazadores pequeño mediano/grande
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Introducción y clasificación

Modos de iluminación
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Introducción y clasificación

Exposición doble
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Introducción y clasificación

Un cuadro, exposición doble
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Introducción y clasificación

Frame straddling
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PIV Introducción
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PIV Introducción

g (x, y) = 1

IZ

∫
I0(Z )G(X ,Y , Z )dZ (1)

x = M X ; y = MY (2)

PIV FD704 18 / 49



PIV Introducción

(W
es

te
rw

ee
l,

19
97

)

PIV FD704 19 / 49



PIV Introducción

PIV ideal
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• Partículas homogéneamente distribuidas
• Las partículas siguen exactamente el flujo
• Las partículas no interactúan entre sí (φp / 10−2)
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PIV Introducción

. . . pero las partículas afectan el flujo
(Mei, 1996)

|H(ω)| = (1+ω)2 + (ω+ 2
3ω

2)2

(1+ω)2 + (ω+ 2
3ω

2 + 4
9 (ρp /ρ f −1)ω2)2

, (3)

con

ω=
√
π

4

f d2

ν
(4)
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PIV Introducción

Under- and overshoot
ρ ≡ ρp /ρ f

Las partículas responden
perfectamente cuando son
neutralmente boyantes

Overshooting cuando las
partículas son más livianas
que el fluido

Los trazadores más pesados
que el fluido actúan como
filtro pasa bajo.

for ~ near  one when Re is less than 20. When  the part icle is 
al lowed to respond  to this oscil lating flow field, it can be easily 
shown with the aid of Eq. (17) that  Eq. (8) can be cast in the 
form of 

4 7ca3pp ~(o)) e - i , o ~  67c#a ( i f --  ~) e-ioot 

+ 6~z#a (1 --  i) e (~7 --  17) e - i~ot 

• 2 3 +1co ~ rca py 9(oo)e -i°~ 

--  ic027ca3pf O(co)e -j~°~ (18) 

It is noted  that  since the particle dynamic  equat ion for the 
con tamina ted  mic ro-bubble  is the same as for solid particles,  
the above equat ion is also valid when pp~0 .  Let the part ic le- to-  
fluid densi ty  rat io be 

~ 0 . 2 5  0.5 
1 0  ° ...... 1 ............. 

~__ 10 -2 
a: 
- lO- . loo 

10"4 250 

p= 

10-6 .... . . . . . . .  , . . . . . . . .  , . . . . . . . .  , . . . . . . . .  , . . . . . . . .  
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(60 a2/2v)V2 

Fig. 1. Particle energy transfer function ]H(e) 12 as a function of Stokes 
number g 

p = pp l& (19) 

and a part icle inert ia  pa ramete r  (whose inverse is a part icle 
response t ime) be 

9 i0 
f l - - -  (20) 

2 ( p + l / 2 ) a  2 

Then, the part icle velocity ampl i tude  ~Y(co) can be expressed as 

1 + e - i e - i [ 3 c o l  (2 0 + 1)fi] 
9(co) ~(co) (21a) 

1 + e - ie - ioolfi 

o r  

1 + g-- ig-- i -~g 2 
17((0) 1 + e - - i g - - i 4 ( p +  !~22, f f (co)=H(co)z/ (o))  (21b) 

where H(co) is frequency response funct ion of the particle. It is 
impor tan t  to note that  the only pa ramete r  in Eq. (21b) is the 
par t ic le- to-f luid densi ty  ratio O because the part icle inert ia  is 
embedded  in the Stokes number .  The energy transfer funct ion 
at for a rb i t ra ry  e with small  Re or asymptot ica l ly  large e with 
finite Re is 

(1 + e)2 + (g ~_ 2G2)2 
IH(co)/2= ]H(g)I z -  (22) (1 + ,~)2 + [e + }e 2 +~(p- -  1)e2] z 

Figure 1 shows the dependence  of IH(e)12 on the Stokes 
number  e over a wide range of densi ty  ratio p. The following 
observat ions are wor th  noting• 

i) For a neutra l ly  buoyan t  particle,  p = 1, and IN(c)I z=  1, 
which implies perfect response of the seed particle.  

ii) At p=O, IH(e)[2~9 as e ~  Go which suggests a significant 
over-shoot  at high frequency• 

iii) For p < 1, ]H(e)h2> 1 so that  buoyan t  part icles tend  to 
over-respond.  

I ~ P  e at in termedia te  c. This implies  iv) F o r p > > l ,  IS(e)  2 s~ -2 -4 
a low-pass filtering behavior  of heavy particles; at large g, 
[H(e) 12~9p -2 which implies  pract ical ly  negligible fre- 
quency response.  

3.2 
Cut-off frequency for solid particle and contaminated bubble 
Define cut-off  frequencies of the part icle based  on either 50 % 
or 200% energy response,  

gcut_off={g t IS(e)12=½  or  2}• (23) 

Then G,t-off can be ob ta ined  as a funct ion of p f rom Eq. (22). 
Figure 2 shows the dependence  of eout_orf on p. The following 
can be observed easily. 

i) For 0.56~<p~1.62,  0 .5<1HI2<2  implying very good 
response of the seed particle.  

ii) For a solid part icle in air, reducing p alone f rom 1000 
to 100, say by  using a hol low sphere,  will only  increase 
(Ocut_of f by  a factor of x /10=3 .16 .  

iii) At a given p, decreas ing the part icle d iameter  by a factor 
of 10 will increase (Dcut_of f by  a factor of  100 since 
e)cut_of f = 2v (gcut_off/a) 2. 

102 . . . . . . . .  i . . . .  ,,,a . . . . . . . .  t . . . . . . . .  ~ . . . . . . . .  i . . . . . . . .  I 

/ ~; 1H122 =0'5 ! 
101 y . . . . . . .  ; = 

100 

J 
10-1. 

dLrty buoyant heavy hollow solid or 
10 -2 . bubble solid solid sphere liquiddrop 

in liquid in liquid in liquid in air in air 
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Fig. 2. Cut-offStokes number as a function ofparticle-to-fluiddensity 
ratio 
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PIV Obtención de vectores velocidad

Función de densidad de probabilidad

P (x) aquella probabilidad asignada a un conjunto de puntos k que
satisfacen la desigualdad x(k) ≤ x. Si la variable aleatoria
contiene un rango continuo de valores, entonces puede
definirse una función de densidad de probabilidad p(x)
como la relación diferencial

p(x)

p(x) = lim
∆x→0

[
Prob[x < x(k) ≤ x +∆x]

∆x

]
, (5)

de donde:

p(x) ≥ 0∫ ∞

−∞
p(x)dx = 1

P (x) =
∫ x

−∞
p(x ′)dx ′;

dP (x)

dx
= p(x)
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PIV Obtención de vectores velocidad

PIV correlaciona las ventanas

g1(~x, t1); g2(~x, t2) (16×16, 32×32, etc.)

r (~x,~s) = 〈g1(~x ′)g2(~x ′−~s)〉
〈g 2

1 (~x ′)〉〈g 2
2 (~x ′)〉 (6)

〈a(~x ′)〉 =
∫ ∞

−∞
w(~x −~x ′)a(~x ′)d2x ′,

donde w representa la ventana de interrogación.
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PIV Obtención de vectores velocidad

Correlación entre dos variables

Rx y (τ) = E [xk (t )yk (t +τ)] =∫ ∞

−∞
x(τ)y(t +τ)dτ

Ry y (τ) = E [yk (t )yk (t +τ)]

(E [(xk (t ))] = ∫ ∞
−∞ xp(x)dx)

Algunas propuedades

Rxx (−τ) = Rxx (τ)

Rx y (−τ) = Ry x (τ)

Rg h(τ) =F−1{Gc (ω)H(ω)}

R(s, t ) = 1

N 2

N−1∑
i=0

N−1∑
j=0

g1(i , j )g2(i + s, j + t ) (7)

=F−1{F ∗[g1(i , j )]F [g2(i + s, j + t )]}. (8)
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PIV Obtención de vectores velocidad
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PIV Obtención de vectores velocidad
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PIV Obtención de vectores velocidad

1 Intensidad media (Rc )

2 Intensidades medias y
fluctuantes (R f )

3 Intensidades fluctuantes (Rd )
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R = Rc +R f +Rd

R̂(s, t ) = 1

N 2

∑
i
∑

j [g1(i , j )− ḡ1][g2(i + s, j + t )− ḡ2]∑
i
∑

j {[g1(i , j )− ḡ1]2[g2(i + s, j + t )− ḡ2]2}1/2

E(R̂) = FI R

FI =
(
1− |s|

N

)(
1− |t |

N

)
para |s|, |t | < N
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PIV Obtención de vectores velocidad

Resultados aceptables
(Westerweel, 1997)

NI FI FO > 7 (9)

M |∆u|∆t

D I
< dt

D I
/ 0.05 (10)

NI =
C∆Z0D2

I

M2

C = Np /∀
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)

dt : desplazamiento del trazador en la imagen

NI : Número medio de partículas en una ventana de interrogación (densidad
de imagen)

FI : Pérdida de correlación de la imagen en un plano

FO : Pérdida de correlación fuera del plano
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PIV Obtención de vectores velocidad

(K
ea

n
e

&
A

d
ri

an
,1

99
2)

PIV FD704 31 / 49



PIV Obtención de vectores velocidad

Criterio rápido de diseño
(Keane & Adrian, 1990)

El número de partículas por ventana debiera ser al menos 15.

El desplazamiento de las partículas en el plano normal a la cámara
debiera ser menor que 1/4 del tamaño de la ventana de interrogación.

El desplazamiento de las partículas en el plano debe ser a lo sumo 1/4
del diámetro del área de interrogación

El gradiente de velocidad sobre el área de interrogación debe ser
menor que un 5% de la velocidad media.
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PIV Obtención de vectores velocidad

Peak lock

Ventanas de interrogación ≈ 32×32 pix

Ej. ∆= 8 pix, ε= dr /2∆= 0.5/8 = 0.0625

Errores de medición ≈ 3−6% (N À 32 para bajar errores)
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PIV Obtención de vectores velocidad

¿Necesito hacer N →∞?

No.

No necesariamente mejor
resolución espacial con N

Interpolar gaussiana para
mejorar precisión

Errores obtenibles
∼ 0.2%D I (Westerweel
et al., 1996)

166 

the spatial correlation, instead of the 256 x 256 pixels used in 
conventional PIV, the analysis time per interrogation image is 
reduced by a factor of 100 (Westerweel et al. 1991). The typical 
analysis time of a digital PIV image is about 30 s (depending on 
the digital computer that is used for the image analysis), with 
a resolution of 1000-4000 vectors per image. 

One may expect that the reduction from 256 x 256 to 32 x 32 
pixels in the resolution of the interrogation image affects the 
accuracy. This is true when the centroid of the displacement- 
correlation peak is determined with the conventional center- 
of-mass estimator (Prasad et al. 1992). However, Willert and 
Gharib (1991) found that the estimation error at low pixel 
resolution can be reduced considerably by using a Gaussian 
peak-fit estimator. In fact, calibration measurements (Willert 
and Gharib 1991; Westerweel 1993a) suggested that DPIV can 
yield results with a measurement error of 0.05-0.08 px, or 0.2% 
of the diameter of the interrogation region. So it appears that 
the relative accuracy is comparable to that of conventional PIV. 

The question may be posed why a large reduction in pixel 
resolution has virtually no effect on the measurement accuracy. 
A recent analytical study (Westerweel 1993a, b) on the statist- 
ical properties of the estimated displacement-correlation peak 
and of several estimators for the peak centroid, revealed that 
estimates for the spatial correlation-peak are correlated over an 
area proportional to the particle-image diameter; this implies 
that the information with regard to the location of the esti- 
mated displacement-correlation peak does not improve 
above a certain resolution. Figure 1 displays the relative ef- 
fective number of correlated pixels with respect to the esti- 
mated spatial correlation as a function of the number of pixels. 
Note how the curve remains essentially constant for particle 
images with a diameter larger than about 2 pixel units. This 
means that improving the pixel resolution does not yield more 
information, and it explains why the accuracy in general is little 
affected by the pixel resolution of the interrogation images. 

So, from a theoretical point of view conventional (viz. 

N 
16 64 256  

lOOt. ' , , , 

)  otl 
I '"' ] I i i I i i i i I " ~ " "  h , , i , , f i I 

0.2 1 2 10 
d t / A  * 

Fig. 1. The effective number of correlated samples (L 2) relative to the 
number of pixels (N 2) for the estimated displacement-correlation 
peak, normalized by the square of the particle-image diameter (dr 2) 
divided by the interrogation area (D/2), as a function of the particle- 
image diameter (dr) in pixel units (A), for the case of a 1 • 1 mm 2 
interrogation area sampled at Nx N px, with dr=25 ~m. (Adapted 
from: Westerweel 1993a, b) 

photographic) PIV and digital PIV could yield results with 
approximately the same level of accuracy; however, digital PIV 
is capable of performing the image analysis for large numbers 
of images with only a fraction of the effort required in con- 
ventional PIV. Therefore DPIV may turn out to be a more 
desirable implementation of the PIV method with regard to 
turbulence measurements. The only limitation is the available 
hardware to match the resolution that is required to carry out 
measurements in turbulent flows. In Sect. 2 we describe an 
image acquisition system that was designed especially for this 
purpose. To verify that DPIV is indeed a feasible alternative to 
photographic PIV, we decided to carry out a pilot DPIV mea- 
surement of a fully-developed turbulent pipe flow. The exper- 
imental details are described in Sect. 3. 

In this experiment we match the flow condition of a recently 
published study of fully-developed turbulent pipe flow (Eggels 
et al. 1994); in particular we will compare our results with two 
contributions to this joint study: the direct numerical simula- 
tion (DNS) by Eggels et al. (1993) and the photographic PIV 
measurements by Westerweel et al. (1993). In addition, we 
include the results from measurements with laser-Doppler 
velocimetry (LDV) taken by Tahitu (1994) in the same facility 
and at the same flow condition as the DPIV measurements (a 
brief description of these LDV measurements is given in the 
Appendix). By matching the flow condition of this earlier 
study, we can make a direct and detailed comparison between 
the conventional photographic PIV method and the alternative 
digital PIV method, for this case of a non-trivial, unsteady (i.e. 
turbulent) flow. The results of the DPIV measurement are 
given in Sect. 4, and the conclusions from this experiment can 
be found in Sect. 5. 

2 
The DPIV image acquisition system 
In the past, DPIV has mainly been applied to low-speed flows 
for which the standard NTSC/PAL video format provides 
adequate spatial and temporal resolution (see e.g. Willert and 
Gharib 1991; Westerweel et al. 1991). With this type of 
equipment one can only take DPIV measurements of turbu- 
lence in a relatively small area of the flow (see e.g. Van der 
Hoeven et al. 1992). To carry out DPIV measurements that 
include a substantial area of the flow, but that also resolve the 
turbulence, we need to use high-resolution CCD cameras. The 
image acquisition system that is used here was designed es- 
pecially for this purpose, and in this section we describe the 
main components of this new and unique image acquisition 
system. A schematic is shown in Fig. 2. 

The heart of the image acquisition system is a pair of 
MaxVideo-20 (DataCube) pipeline processors. Each processor 
is equipped with four MegaStore-32 memory boards, which 
yields a total real-time storage capacity of 256 MB. The pipeline 
processors are capable of digitizing, recording and processing 
images at a data rate of 26 MHz with 8-bit resolution. (For 
comparison: the bandwidth of standard NTSC-video is 8 MHz.) 
Image resolution and frame rate usually compete with each 
other; the high bandwidth of this system makes it possible to 
combine the acquisition of high-resolution images with a fairly 
high frame rate. 

(W
es

te
rw

ee
le

ta
l.

,1
99

6)

PIV FD704 34 / 49



PIV Obtención de vectores velocidad
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PIV Obtención de vectores velocidad

Sub pixel interpolation
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εC = R+1 −R−1

R−1 +R0 +R+1
(centro de masa) (11a)

εP = R−1 −R+1

2(R−1 −2R0 +R+1)
(parabólica) (11b)

εG= lnR−1 − lnR+1

2(lnR−1 −2lnR0 + lnR+1)
(gaussiana) (11c)
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PIV Post-proceso

Eliminación de vectores erróneos
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PIV Post-proceso

Detectabilidad
(Keane & Adrian, 1990)

R0 ' 1.2R−1 (el factor
depende de si los
gradientes de velocidad
son fuertes o débiles)
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PIV Post-proceso

Media global

v̄ = 1

N

∑
r,s

vr,s

σ2 =σ2
v +σ2

ε

→ definir un umbral para σ2
ε (desacartar vectores)
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PIV Post-proceso

Media local

v̄i j = 1

NM

∑
k,l∈M

(vi+k, j+l − vi , j ) (NM = 8)

σ2 =σ2
v +σ2

ε

(quitar vectores muy distintos)
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PIV Post-proceso

Mediana local
(Westerweel, 1994; Westerweel & Scarano, 2005)

Enésimo valor en una secuencia (ordenada) de largo 2n +1.
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PIV Post-proceso

Otros aspectos prácticos
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PIV Post-proceso
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PIV Post-proceso

Resultados óptimos
(Foucaut et al., 2004)

Diámetro de partícula de 2 pixeles

Razón de llenado de un 100 % (la totalidad del área del CCD está
activa)

Concentración de partículas igual a 10 por ventana de interrogación

Nivel de negro en el CCD cercano a un 2 % del nivel de gris (sin ruido
en el CCD)

Sin gradientes de intensidad ni desplazamientos fuera de plano
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PIV Post-proceso
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