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Abstract This paper presents high spatial resolution multigrid cross-correlation digital PIV (MCCDPIV) measurements of the near jet region of a pulsed round jet. The experiments were conducted in
LTRAC 1000 mm × 500 mm × 500 mm water jet facility. The jet is generated by a piston-cylinder
arrangement terminating in a sharp edged orifice mounted on the wall of the facility. The piston was
moved by a stepper motor controlled by a four-axis programmable controller. Two Reynolds numbers
based on the orifice diameter and the mean velocity of 2000 and 4000 were investigated. The pulsing
amplitude of the jet velocity corresponded to 25% of the mean velocity and the pulsing frequency was
kept fixed at 1 Hz. The instantaneous MCCDPIV velocity fields were acquired through single-exposed
imaging with a 4008 px × 2672 px 14 bit digital CCD.

1

Introduction

Pulsed jets can potentially be integrated into a diverse range of applications within aerospace,
from stall suppression devices within aerodynamic active flow control systems to mixing aids in
propulsion engines. Pulsed jets differ from continuous jets in that they have an integral periodic
oscillatory component, characterized by the velocity amplitude of the imposed forcing. Previous
studies conducted revealed higher levels of entrainment in pulsed jets compared to the equivalent
continuous jet Crow & Champange (1971). Additionally, other work found that increasing the
frequency of oscillation results in an increase in entrainment Binder et al. (1971). These increasing
levels of entrainment after an oscillation is imparted on to the flow carry with them the ability to
mechanically enhance mixing within certain fluid streams Vermeulen et al. (1990). This property
makes them particularly useful in vectored thrust applications like VTOL/STOL thrusters for
which the length of the mixing zone needs to be minimized.
This paper reports on measurements undertaken using 2C-2D multigrid cross-correlation digital
PIV (MCCDPIV) in the near region up to x/d < 9 of a pulsed round jet at a Reynolds number
based on diameter (D0 ) and average velocity (U 0 ) at the orifice of 2000 and 4000. The experiments
were conducted using water as the working fluid. The measurements are used as a vehicle to discuss
a number of pertinent aspects related to non-intrusive PIV measurements of turbulence as well as
to investigate the structure of pulsed jets.
The geometry and coordinate system for the free round jet flow is depicted in Figure 1 (a).
The primary parameter governing the free round jet flow is the Reynolds number Re defined as
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U 0 D0
(1)
ν
where U 0 is the mean velocity of the jet at the orifice, D0 is the diameter of the orifice and ν is
the kinematic viscosity of the fluid. The experimental data presented in this manuscript pertains
to a free round jet at Re = 2000 and 4000.
Re =

Uc
2
x

Dp Do

δ1/2
Uc

r

U(r)

Figure 1: (a) Geometry and parameters of round jet, orifice and coordinate system.

2
2.1

Experimental Facilities and Diagnostics
Water Jet Facility

The experimental measurements of the continuous and pulsed jets were carried out in an acrylic
tank 1,000mm long, 500mm wide and 500mm deep, filled with filtered water. To remove the
air/water interface within the facility, the tank has a riser tube with an inner diameter of 56.5mm
located on the perspex roof at the far end of the tank from the piston normal to the jet axis,
and the facility was filled with water to the perspex roof. The riser tube alleviates the net mass
injected during the continuous jet experiments. During the experiments the tank is filled to the
ceiling with filtered water.
In each experiment continuous or pulsed jets were formed by discharging water from a circular
cylinder of inner diameter Dp = 50mm through an orifice plate of diameter D0 = 10mm and
thickness of 2 mm, positioned in the center of the end wall of the tank. The discharge is generated
by long, constant-velocity stroke of a piston driven by a computer-controlled stepper motor. The
piston is located in a perspex cylinder, 700 mm long with a 50 mm diameter bore. At the end of
each experiment the finishing position of the piston was 10D0 from the orifice, inside the cylinder
cavity. The orifice plate obscured the optical path at the generator so that the flow behind the
orifice could not be measured or easily visualized in this facility.
The continuously pulsed jet was generated by programming the stepper motor to oscillate
with a time-periodic function illustrated in Fig. fig:rig (a) superimposed over the long, constant
velocity piston stroke.
The dimensionless groups that characterize the geometry of the apparatus are: a contraction
D2
p AR
ratio AR = Dp2 , a dimensionless cavity depth C0 = DCp and a slug length LD = LD
. The C is the
0
0
mean depth of the cylinder-piston cavity and Lp is the stroke length of the piston. The detailed
geometric arrangement is shown in Fig. 2 (b).
The dimensionless groups identified to characterize the pulsed jet flow field are the jet Reynolds
number, Strouhal number and Amplitude of oscillation. In order to non-dimensionalize the flow
field using the aforementioned parameters the appropriate length, velocity and time scales have
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to be identified. From the flow generation assembly, the diameter of the orifice was chosen as the
length scale to classify the global flow pattern and behaviour. This scale is used in the both jet
Reynolds number Eq. (1) and the Strouhal number Eq.(2) The characteristic velocity scale was
chosen as the mean velocity of the jet at the orifice U 0 = Um . The Strouhal number based on the
frequency of oscillation and the same velocity and length scales is:
f D0
(2)
Um
The amplitude of oscillation is determined by the ratio of the peak velocity above the mean
to the mean velocity Eq. (3). The amplitude will be kept constant at A = 0.25. The forcing
frequency was kept constant for both Re = 2000 and 4000 pulsed jets at f = 1Hz, which results
in St = 0.05 and 0.025 respectively.
St =

Upeak − Um
(3)
Um
In studies of high Reynolds number jets the size of the enclosure has resulted in substantially
different flow measurements due to recirculation Hussein et al. (1994). Following the analysis
presented in Hussein et al. (1994), it was found that for this apparatus a jet approaching selfsimilarity retains 98.9% of its initial momentum 15D0 downstream from the orifice. Thus the jet
investigated here is a good approximation to a jet in an infinite environment.
A=

Digital Camera

3−Axis Traverse
LVDT
Flexible Coupling

Piston Cylinder

Encoder
x
r
Stepper Motor

Lead Screw

Acrylic Tank filled with water and particles
Nd:YAG lasers

(a)

Collimating optics

(b)

Figure 2: (a) Non-dimensionalized velocity profile of the pulsed jet over one period of the pulsing. (b)
Schematic plan view of jet generation apparatus. The internal dimensions of the tank are 500 × 500
× 1000mm. The tank is filled with water, at a temperature of 190 C, initially at rest. Orifice plates
are attached to the end of the piston cylinder and mounted with the external surface flush with a false
wall inside the tank.
The water in the tank is seeded with neutrally buoyant 11 µm diameter hollow glass spheres
(Potters spherical, with a density of 1100±20 kg/m3 ). These seed particles have been chosen
because they faithfully reproduce the local water velocity having a particle relaxation time of
7.4µs.

2.2

Experimental Measurement Technique - 2C-2D MCCDPIV

Prior to the PIV experiments, the flow was uniformly seeded. The illumination source for the
recording of PIV images is a NewWave Nd:YAG twin cavity laser system capable of producing 2
× 200 mJ pulses of 6 ns duration at a maximum frequency of 10 Hz. An articulated arm was
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employed to deliver the laser beam from the laser to the jet apparatus. A cylindrical lens was
used at the exit of the articulated arm to expand the laser beam into a sheet of 2 mm thickness.
The laser sheet was aligned vertical including the jet axis.
The uniform seeding of a quiescent fluid is found to be considerably more difficult than the
seeding of a flow in continuous motion. This tends to cause a loss of some of the particles, which
do not have the same specific gravity as the fluid, and leads to uneven and “spotty” seeding during
the PIV experiment. In an attempt to minimise these shortcomings, the following procedure was
adopted: 1) the estimated amount of seed particles required for uniform seeding of the facility
was mixed with water in a beaker using a magnetic stirrer for a minimum of 1 hour, 2) after the
mixing the stirrer was switched off and the particle water mixture was left to rest for about 30
minutes. This allowed the heavier particles to settle on the bottom of the beaker and the lighter
particles to rise to the top, 3) the particles that had risen to the top were subsequently skimmed off
and discarded, 4) the remaining mixture in the beaker was then carefully transferred into another
beaker making sure that the heavier particles at the bottom of the beaker were not transferred,
5) the processed mixture of the required particles and water was then used to uniformly seed the
jet facility by moving the jet piston forward and backward a number of times, 6) the fluid in the
jet facility was then left to come to rest by continuously monitoring the motion of the particles
using the laser illumination and the digital CCD camera. Due to the magnification used with
this camera, it was possible to wait until no perceivable motion was present to a high degree of
certainty. Typically, this process took 10 to 15 minutes.
The scattered light from the seed particles was recorded on a PCO 4000 14 bit digital CCD
camera, which has an array size 4008 px × 2672 px. This digital camera can be operated in double
shutter mode for single exposed PIV image recording. The image pair recordings were made at the
maximum acquisition frequency of 4 image pairs per second (i.e. 250 ms between image pairs). A
105 mm Micro-Nikkor lens set at an aperture of f 2.8 and a reproduction ratio of 2.4 was used for
all experiments. With these settings the estimated aberration-free depth of field (DoF) for these
experiments was 0.23 mm or 10.1px and the diffraction limited particle image size was 6.91 µm
(i.e. 0.8 px).
The single-exposed image pairs were analysed using the multigrid cross-correlation digital PIV
(MCCDPIV) algorithm described in Soria et al. Soria et al. (1999), which has its origin in an
iterative and adaptive cross-correlation algorithm introduced by Soria Soria (1994, 1996a,b). Details of the performance, accuracy and uncertainty of the MCCDPIV algorithm with applications
to the analysis of single exposed PIV and holographic PIV (HPIV) images have been reported
in Soria (1998); von Ellenrieder et al. (2001), respectively. The present single exposed image
acquisition experiments were designed for a two-pass MCCDPIV analysis. The first pass used an
IW0 = 64 px, while the second pass used an IW1 = 32 px with discrete IW offset to minimize the
measurement uncertainty Westerweel et al. (1997). The sampling spacing between the centres of
the IW was 16 px.
The MCCDPIV algorithm incorporates the local cross-correlation function processing introduced by Hart (1998) to improve the search for the location of the maximum value of the crosscorrelation function. The multiplied cross-correlation function was used as the basis for the calculation of the location of the cross-correlation peak to sub-pixel accuracy. For the sub-pixel peak
calculation, a two dimensional Gaussian function model was used to find, in a least square sense,
the location of the maximum of the cross-correlation function Soria (1994). The MCCDPIV data
field was subsequently validated by: (1) using a median test Westerweel (1994), and (2) applying
the dynamic mean value operator test described in Raffel et al. (1998). The tests were applied in
the specified order. Following data validation, the in-plane velocity components (u, v) in the (x, r)
coordinate directions respectively were computed by dividing the measured MCCDPIV displace-
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ment in each interrogation window by the time between the exposures of the image pair. The x
coordinate direction is taken as the jet flow direction, while the r direction is the cross-stream
direction. The MCCDPIV algorithm measurement uncertainty is 0.06 px at the 95% confidence
level, which relative to the maximum velocity for these measurements is 0.4%.
The time between laser firing, dt is calculated so that the maximum size of the measured
velocity is 0.25IW0 (= MVR), where IW0 is the zeroth grid level size. Similarly, IW1 is the
subsequent grid level of the multigrid technique. The estimated size of the displacement vector
was at most 2.8px. The MCCDPIV data field is subsequently validated using a mean value check,
(MVC) of 0.5 standard deviations.
A summary of the image acquisition and analysis parameters for the MCCDPIV experiments is
given in Table 1. The analysis produced a vector field measured on a grid 123×81. The MCCDPIV
analysis of each single-exposed image pair produced after validation 99% good measurements.
dt
ms
0.3

velocity
sampling
px
16
(0.034D0 )

IW0

IW1

MVR

MVC

DoF

px
64
(0.138D0 )

px
32
(0.069D0 )

0.1

0.5

px
10.1
(0.022D0 )

Table 1: MCCDPIV image acquisition and analysis parameters.
The out of plane vorticity was calculated from the MCCDPIV velocity field measurements using
a local least-squares fit procedure to the velocity field, followed by analytical differentiation6 using
Eq. (4) Soria (1993); Soria & Fouras (1995); Fouras & Soria (1998)
∂ux ∂ur
−
(4)
∂r
∂x
The first order and second order statistics presented in this paper are derived from a sample
space of 54. The uncertainty at the 95% confidence level associated with the mean velocity is
0.62 mm/s or 0.3% of U 0 . Unless otherwise stated all lengths are non-dimensionalised by D0 , the
velocity is non-dimensionalised by U0 and the vorticity is non-dimensionalised by 2 U0 /D0 .
ωθ =

3

Issues with Spatial Resolution - Turbulent Jet Scales
and their Impact on PIV

Turbulent jet contain motions with a broad range of length scales. The smallest of the turbulent
length scales are much larger than molecular scales, which justifies the assumption that turbulence
is a continuum phenomenon. This smallest turbulent length scale is known as the Kolmogorov
micro-scale and is defined as

η=

ν3


 14
(5)

where  is the dissipation of turbulent kinetic energy per unit mass. Equation 5 indicates
that the smallest scales are set by the viscosity and the rate at which energy is supplied by the
largest-scale eddies. The scale at which most of the energy resides is called l, the integral length
scale of the turbulence Because turbulence kinetic energy is extracted from the mean flow at these
largest scales, they are often referred to as the energy-containing range. The integral length scale
is a measure of the largest separation distance over which components of the eddy velocities at two
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distinct points are correlated. Thus, l characterizes the energy-containing range of eddy length
scales. Intermediate between these two scales are the inertial subrange scales for which turbulence
kinetic energy is neither generated nor destroyed but is transferred from larger to smaller scales.
Smaller-scale eddies are generated from the larger eddies through the nonlinear process of vortex
stretching. Typically, energy is transferred from the largest eddies to the smallest ones on a
timescale of about one large-eddy turnover, characterised by l/u, where u is the characteristic
root-mean-square of the fluctuating velocity. In between these two length scales there is also the
Taylor micro-scale, λ, which is the length scale at which viscous dissipation begins to affect the
eddies. Thus, it marks the transition from the inertial subrange to the dissipation range and
characterizes the eddy scale for the inertial subrange eddies.
In the context of this paper the spatial resolution is of importance and in particular the ability
of instantaneous non-intrusive whole field velocimetry techniques like PIV or the version used here
multigrid cross-correlation digital PIV (MCCDPIV) to resolve all relevant dynamic length scales.
Therefore, it is of interest to estimate a priori the size of the Taylor micro-scale and Kolmogorov
micro-scale for a free round turbulent jet. The estimation of these two length scales can be carried
out using classical scaling arguments Tennekes & Lumley (1972) (see Dimotakis Dimotakis (2000))
and making a number of assumption about the turbulence in the far field of a a jet (see Dowling
& Dimotakis Dowling & Dimotakis (1990)) yielding an estimate for the Taylor micro-scale,
1
λ
≈ 2.3 Re− 2
δ 1 (x)

(6)

2

where δ 1 (x) is the characteristic half-width or radius of the jet and x is the axial flow direction
2
of the jet. The Kolmogorov micro-scale can be estimated as Dimotakis (2000),
3
η
≈ 0.95 Re− 4
δ 1 (x)

(7)

2

A round jet is a constant Reynolds number flow where the width of the jet increases in the
axial flow direction. Therefore, both the λ and η are expected to increase with x. In which case
the most restrictive conditions regarding the spatial resolution would occur near the jet origin
(Note that the derivations of the estimates λ and η assumed far field jet conditions and strictly
speaking they do not apply near the jet origin) and thus for the present purpose δ 1 (x) = d/2.
2
The estimated length scales are given in Table 2.
Re

ReT
62.6

δ 1 (0)
2
(mm)
5

λ
(mm)
0.26
(0.026D0 )

η
(mm)
0.21
(0.021D0 )

2000

4000

88.5

5

0.18
(0.018D0 )

0.16
(0.016D0 )

Table 2: Estimated smallest Taylor and Kolmogorov micro-scales.
In the PIV measurements the velocity is spatially sampled at ∆, say, and the PIV measurements
have an effective measurement volume given by IW 2 × ∆laser , where IW is the interrogation
window size and ∆laser is the effective laser sheet thickness. If it is assumed that ∆ = IW , i.e.
measurement integration area is equivalent to velocity sampling spacing (more typical in practice
is that ∆ = IW/2, two times oversampling), then from Nyquist criterion the smallest resolved
length scale:
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lresolved ≥ 2 ∆.

(8)

The largest scales ∼ δ1/2 (x), which implies that the largest area that should be imaged to
resolve the large scales must be at least 2 × (3 δ1/2 (x)). Therefore, the ration of largest imaging
area to the smallest resolved scale is given by:


3 D20 + 0.1 x
3 δ1/2 (x)
Largest Imaging Area
=
=
(9)
Smallest Resolve Length Scale
∆
∆
Defining the following parameters
∆
D0
x
≡
D0

α ≡

(10)

x0

(11)

and forming the ratios:
Largest Imaging Area
= 6.32Re3/4
η
Largest Imaging Area
= 2.61Re1/2
λ

(12)
(13)
(14)

Equating results in a relationship that indicate for a given velocity sampling ∆/D0 , the downstream jet location where sufficient spatial resolution exists to resolve either of these microscales
and the large scales simultaneously as a function of Reynolds number. A summary of these results
is shown in Fig. 3. The presented experiments used a ∆ = 0.034D0 (Table 1), which from the
information in Fig. 3 indicates that with the present PIV setup all the scales down to the Taylor
micro-scale can only be resolved for x/D0 > 20 and all scales down to Kolmogorov scale can only
be resolved for x/D0 > 300.

4

Results and Discussion

Five set of 54 single-exposed image pairs were acquired for each of the four conditions that are
presented in this paper. This paper reports only the results of one of these sets for each of the
four jet flow cases. Figure 4 shows typical instantaneous non-dimensional measured velocity fields
for each of the four conditions. The vectors are coloured by the non-dimensional value of ωθ . The
domain shown is a subset of the measured domain spanning up to x/D0 = 8.5 and r/D0 = 2
around the axis of the round jet. The distance between the velocity vector measurements is
0.034D0 and the measurement volume of these velocity velocity is 0.069D0 . Both the unforced
and pulsed jets at both Reynolds numbers develop vortical structures with |ωθ |/(2U0 /D0 ) ≥ 7
in the shear layer. However, in the pulsed jets the vortical structures are of smaller scale an
more intense. Both pulsed jets indicate that the spread faster than their unforced counterparts.
The pulsed jets appear to also dissipate quicker in the axial direction than their counterparts as
indicated by their lower axial velocity at x/D0 = 8.5
Figure 5 shows the non-dimensional mean velocity vectors from x/D0 = 0 − 8. These results
show that the jets are not perfectly symmetric. The asymmetry is more pronounced at the
Re = 2000. The unforced mean velocity have high shear rates near the jet exit as expected.
The shear rate reduces in the downstream direction as the jet spreads and the centreline velocity
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Figure 3: Relationship for downstream location of a turbulent round jet where it is possible to
simultaneously resolve the smallest and largest scales as a function of Reynolds number given a
velocity sampling of ∆/D0 .
decreases. It seems that although the sample space for these mean velocities is quite low the
mean velocity field does not have a high uncertainty. The mean velocity vectors for the pulsed jet
shown in Fig. 5 (b) and (d) have similar characteristics as their unforced counterpart. However,
these fields are noisier, indicating higher uncertainty in these mean measurements and hence, the
requirement for a larger sample space. An interesting feature is that the mean velocity at the jet
exit seems to have a reversed flow region near the wall of the orifice. This is a deduction based
on the fact that at the core of the jet at x/D0 = 0 there is positive axial velocity, which seems to
drop to zero in both pulsed jets well before the edge of the orifice is reached. There is a region
rear the the orifice wall where the mean flow is into the jet apparatus for the pulsed jet cases.
No measurements of this is possible as there is no visual access at the jet exit where the orifice is
located.
The variation with x/D0 of the jet half-width is shown in Fig. 6 (a). As expected there is little
growth of the for x/D0 < 5 in the potential core region of the jet. This is the case for both unforced
and pulsed jets. For x/D0 > 5 all jet grow faster in an approximately linear fashion; the unforced
Re = 4000 appears to grow faster than the Re = 2000 jet. The pulsed Re = 2000 jet grows
significantly faster than its unforced counterpart. However, in contrast the higher Re = 4000
jets, there is no observable difference in the δ1/2 growth rate between the unforced and forced jets
within the x/D0 range investigated, which is higher than the unforced Re = 2000 jet but lower
than the Re = 2000 pulsed jet. The mean axial centreline velocity variation with x/D0 has also
been investigated and is shown in Fig. 6 (b). Analogous to the half-width behaviour there is only
a gradual decrease of the mean centreline axial velocity observed for x/D0 < 5. A much higher,
approximately linear, decay rate of Uc is observed for all jets for x/D0 > 5. The decay rate for
the Re = 2000 pulsed jet is significantly larger than for the unforced jet. There is little difference
in the Uc decay rate between the unforced and pulsed Re = 4000 jets. These results also show
that the decay rate of Uc for the pulsed Re = 2000 jet is similar to the Re = 4000 jets within the
x/D0 range investigated.
The axial velocity profiles non-dimensionalised by Uc (x) as a function of the radial direction
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(a)

(b)

(c)

(d)

Figure 4: Typical instantaneous non-dimensional velocity and ωθ fields covering the flow domain
from the jet orifice up to x/D0 = 8.5 and 2D0 from the centreline of the jet in the radial direction.
(a) and (b) correspond to Re = 2000 for continuous and pulsed jets respectively, while (c) and
(d) correspond to Re = 4000 for continuous and pulsed jets respectively.
non-dimensionalised by δ1/2 are shown in Fig. 7. Note that strictly speaking the independent
variable in these plots is not r, which can only have positive values. The data is shown in the form
that it is to indicate possible asymmetries in the mean velocity field. The unforced Re = 2000
jet clearly shows an asymmetry, which is being investigating as its source is not understood. All
other jet cases do not indicate an asymmetry. There is some collapse of these non-dimensional
profiles for the unforced Re = 2000 jet for x/D0 > 7. In contrast Fig. 7 (b) shows that for the
pulsed jet, the non-dimensional profile collapses quite well for x/D0 > 4, except at the edge of
the jet. Thus, indicating that the pulsed jet approaches self-similarity earlier than the unforced
jet when Re = 2000. For the higher Re = 4000 jets the mean velocity profiles start collapsing
onto a single curve for x/D0 > 4, except near the edge of the unforced jet. More specifically, for
the pulsed jet at Re = 4000 self-similarity of the mean axial velocity profile seems to have been
reached at x/D0 > 4 over the radial domain investigated as shown in Fig. 7 (d).

5

Concluding Remarks

This paper reports on high-spatial resolution measurements using multigrid cross-correlation digital PIV of an unforced and pulsed jet at Re = 2000 and 4000. The pulsing is high amplitude
pulsing being 25% of the mean velocity at the exit of the jet. The St for the pulsed jets is 0.05
and 0.025 respectively. The instantaneous mesurements show a complex flow containing interacting small-scale vortical structures in the shear layer, which are more intense in the pulsed jets,
particularly for the lower Re = 2000 case. The growth rate of the pulsed jet at Re = 2000 is
found to be larger that for the corresponding unforced case. However at the higher Re = 4000
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(a)

(b)

(c)

(d)

Figure 5: Non-dimensional mean velocity fields at a number of x/D0 . (a) and (b) correspond to
Re = 2000 for continuous and pulsed jets respectively, while (c) and (d) correspond to Re = 4000
for continuous and pulsed jets respectively.
this difference is not observed. The pulsed Re = 2000 jet is found to grow faster than either
the unforced and pulsed Re = 4000 jet. The pulsed jets are found to attain a self-similar mean
velocity profile at lower x/D0 than their unforced counterpart, with the higher Re = 4000 pulsed
jet attaining self-similarity in the mean profile for x/D0 > 4.
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