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Transitional region of a round synthetic jet
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Spreading and decay rates of several synthetic jets are experimentally measured up to
70–100 diameters (d) away from the orifice. It is found that, consistent with previous
studies, after 10d–15d from the nozzle a synthetic jet displays a self-similar velocity profile
together with enhanced spreading and decay behaviors than a continuous jet. However,
this enhancement does not persist throughout the downstream region, as the spreading
and decay rates around 30d–50d away from the orifice decrease to asymptotic values that
are comparable to continuous jets. This intermediate region with enhanced spreading and
decay rates is dubbed the transitional region, while the region beyond 30d–50d , where the
spreading and decay rates approach the continuous jet values, is referred to as the actual far
field of a synthetic jet. Physically, the enhanced spreading and decay rates of the transitional
region are caused by an enhanced mode of mixing related to the forced instability of the
pulsed large vortices, which eventually break down into smaller eddies in the fully turbulent
far field.
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A synthetic jet [1–4] is also known as a zero-net-mass-flux (ZNMF) jet [5] or vortex generator
jet [6]. Synthetic jets are typically created by a periodic process of fluid ingestion and expulsion,
which leads to the generation of vortex rings or pairs [7–10]. Due to the advantages of ZNMF and
enhanced mixing [5,11,12] compared with continuous jets, synthetic jets have been largely employed
in applications of flow control [13–19], underwater vehicle propulsion [20,21], and cooling [22–25].

The flow field of a synthetic jet is commonly divided into a near field and a far field [5,7,26].
The near field is dominated by strong vortex rings and is pulsatile in nature, while the far field is
characterized by self-similar velocity profiles that resemble a continuous turbulent jet [5,7,12,26–28].
For round synthetic jets, Rathnasingham and Breuer [27] and Mallinson et al. [28] found that the
self-similar flow is achieved approximately at an axial distance of ten orifice diameters (d); a slightly
larger distance (15d) was reported by Cater and Soria [5]. Based on the self-similar velocity profile,
one may estimate the rate of change of the jet width in the streamwise direction, formally known as
the spreading rate. A prominent observation from previous experimental studies [5,26,29–31] is that
the spreading rate of a round synthetic jet is generally higher than that of a continuous turbulent jet;
similar enhanced spreading rates have also been confirmed for two-dimensional synthetic jets [7,12].
In this Rapid Communication, we experimentally investigate the spreading and decay behaviors of
different round synthetic jets, and find that at axial locations of 30d–50d the enhanced spreading
and decay rates decrease to asymptotic values comparable to those of continuous jets. This indicates
the existence of an extended transitional region beyond the near field, which should be distinguished
from the fully developed far field of synthetic jets, although the self-similarity establishes from only
about 10d–15d away.
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TABLE I. Test matrix for six sample synthetic jets. The com-
plete parameter set for the 50 tested synthetic jets was reported in
Ref. [32]. d is the orifice diameter, f is the driving frequency, L/d

is the stroke ratio, and Res [26] is the Reynolds number estimated
at the jet exit.

Case d (mm) f (Hz) L/d Res

SJ3 1.0 1750 24.6 4064
SJ9 1.0 1850 48.6 8476
SJ17 1.5 1850 14.8 5814
SJ23 1.5 1950 9.2 3825
SJ33 2.0 1850 4.7 3284
SJ45 2.0 1950 3.2 2389

In this Rapid Communication, we utilize the same experimental approach outlined in Ref. [32]
for measuring the flow field of a synthetic jet. For our experiment, the test section was enclosed by
a 61.0 cm × 61.0 cm × 91.4 cm container of plexiglass to isolate any drift flow from the outside.
By adjusting the size of this enclosure, the current dimensions of the test section were testified to
be sufficiently large such that the enclosure itself does not induce an additional disturbance to the
jet flow. A constant-temperature hot-wire anemometry system was employed to sample the mean
jet flow. Synthetic jets were created by a flat, hollow, cylindrical actuator with a piezoelectric disk
on one side and a round orifice on the other. Three different synthetic jet actuators were tested with
orifice diameter sizes of 1.0, 1.5, and 2.0 mm, respectively. By adjusting the sinusoidal voltage signal
applied across the piezoelectric disk, the frequency f and stroke length L of a synthetic jet could be
controlled. A total of 50 different synthetic jets were tested and the parameters for six sample cases
are listed in Table I. To resolve the vortical structures in the jet flow, a particle image velocimetry
(PIV) system was also employed. As has been introduced in Ref. [33], this PIV system consists of a
high-speed complementary metal-oxide semiconductor (CMOS) camera (Phantom v210), a 20 mJ
Nd:YLF laser (Quantronix Darwin Duo), and a TSI synchronizer. The trigger for the synthetic jet
was synchronized with the PIV system and the trigger delay was adjusted to provide the desired
phase-locked flow field (16 phases per cycle). The image pairs were acquired at a rate of f/25 for 2
s, with a total of 148 image pairs (f = 1850 Hz) sampled for each phase. The Insight 4G software
by TSI, Inc. was used for data acquisition and postprocessing.

As introduced above, a self-similar velocity profile for a synthetic jet is usually achieved about
10d–15d from the jet exit. This region is generally considered as the axial location that signals the
beginning of the far field. Although different values of the spreading rate were reported for the region
after 10d–15d, a common belief is that the spreading rate of a synthetic jet is significantly enhanced
over a continuous jet in this region. This is attributed to an enhanced eddy viscosity resulting from the
pulsed nature of a synthetic jet according to Krishnan and Mohseni [26]. However, their spreading
rates were calculated based on velocity profiles that are less than 30d away from the jet exit. In the
current study, we have extended the measurement of the flow field to 70d–100d from the orifice.
Moreover, a curve fitting method described in Ref. [32] was adopted to enable accurate calculations
of the jet half width and the centerline velocity from the measured velocity profile data. As a result,
we observed notable variations of the spreading and decay rates in the axial direction.

The following part first presents the results for the spreading rate Sb, which is defined by b1/2 =
Sb(x − xo). Here, b1/2 is the jet half width, which is the radial distance between the jet centerline and
the location where the axial velocity u is half of the centerline velocity uc. Also, x denotes the axial
location, and xo is the location of the virtual origin (see Ref. [32] for details), which is an imaginary
point on the x axis that the jet appears to linearly spread out. Now, the half-width data for six sample
cases are plotted against the axial location in Fig. 1(a). We can observe that the slope of each fitted
curve is the largest at the axial location around 20d; however, the slope gradually decreases and
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FIG. 1. (a) Axial variation of the jet half width b1/2 for six different synthetic jets listed in Table I. The slope
of a typical continuous jet (CJ) is also plotted for comparison. (b) Axial variation of the jet spreading rate Sb.

then saturates farther downstream (∼50d for SJ3 and SJ9, ∼40d for SJ17 and SJ23, and ∼30d for
SJ33 and SJ45), where the fully developed far field begins. Since the slope of the curve physically
indicates the spreading rate, the above observation can be quantitatively verified in Fig. 1(b), which
shows the axial variations of the jet spreading rate for the same cases. Now, we can confirm the
results from previous studies that the spreading rates of synthetic jets are indeed enhanced over
that of conventional continuous jets (around 0.1 [34–37]) in the region after x = 15d. However,
this enhancement does not persist throughout the downstream region, as the spreading rates reach
asymptotic values that are comparable to continuous jets in the region after x = 30d–50d. Therefore,
we propose that an extended transitional region should be identified for synthetic jets to account for
the region that has a significantly enhanced and varying spreading rate. This enhanced spreading rate
could be associated with the interaction of the pulsed vortical structures, as will be discussed later.

Another characteristic of synthetic jets is the decay of the centerline velocity, which is measured
by the decay rate Su, defined in uc = 1/[Su(x − xo)]. Normally, the decay rate is a dimensional value
so it is not readily comparable among different jets. In this study, a velocity scale UK [32] is defined
as UK =

√
4K/(πd2), based on the constant far-field momentum flux K and the orifice diameter d

for each individual jet. The axial variations of the scaled centerline velocity and the nondimensional
decay rate are shown in Fig. 2. According to the decay behaviors, we can again confirm the existence

FIG. 2. (a) Axial variations of the inverted scaled centerline velocity for the same cases shown in Fig. 1.
(b) Axial variations of the nondimensional decay rate.
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FIG. 3. The beginning of the far field xf vs the stroke ratio L/d for 50 different synthetic jets reported in
Ref. [32].

of a transitional region, which has a much enhanced decay rate over the far field. We also observe
that the spreading and decay behaviors are qualitatively similar for all cases, by comparing Figs. 1
and 2. This observation clearly indicates that the spreading and decay behaviors of synthetic jets are
coupled, which is consistent with the essence of the classical Schlitching jet [38] according to our
recent study [31].

Based on Figs. 1 and 2, the beginning of the far field, denoted xf , can be defined as the axial
location where the spreading and decay rates saturate. Figure 3 plots xf /d against the nondimensional
stroke length L/d for the 50 different synthetic jets reported in Ref. [32]. The scattered data suggest
that there might not be a sharp boundary between the transitional region and the far field in reality.
Still, a general trend can be observed that xf /d increases with L/d and tends to saturate around
50d as L/d increases. Specifically, for small L/d cases the axial dimension of the flow field has a
positive correlation with the stroke length L, which is in reasonable agreement with the finding of
Smith and Glezer [7] that the near-field flow of synthetic jets scales on L. For large L/d, it is likely
that the far-field flow is less affected by varying stroke length because of the occurrence of vortex
pinch-off [39], in which case the leading vortex ring stops growing and detaches from its feeding
shear layer when L/d exceeds a threshold formation number. According to our previous study [32],
the leading vortex ring is responsible for delivering the majority of the far-field momentum; thus, in
the case L/d is larger than the formation number, the far-field flow becomes less sensitive to L/d

because the leading vortex ring no longer grows with increasing L/d. Next, we shall focus on the
fundamental mechanism governing the transitional region of a synthetic jet.

Physically, the enhanced spreading and decay behaviors in the transitional region of a synthetic
jet are essentially caused by an enhanced pulsatile mixing within the jet, which can be modeled by
an effective-eddy-viscosity concept [31]. To explain the source of the enhanced mixing for synthetic
jets, we start with the case of a continuous turbulent jet, where turbulence is known as the primary

011901-4



TRANSITIONAL REGION OF A ROUND SYNTHETIC JET

FIG. 4. (a) Mean vorticity contour for SJ33. ω is the vorticity, so ωd/f L is the nondimensional vorticity.
(b) A sample phase-locked vorticity contour averaged over 50 different cycles of SJ33. (c) The instantaneous
vorticity contour of a sample cycle corresponding to (b). (d) The locations of large vortices for the 50 different
cycles of (b). The vortex locations are determined by the Q criterion [47].

mechanism that increases mixing beyond a laminar jet. Specifically, the mixing for a laminar jet is
governed by the kinematic viscosity. However, as the jet evolves downstream, the laminar shear layer
develops instabilities and grows to form large coherent vortical structures, which eventually break
down into small eddies to form a turbulent flow [40–44]. Meanwhile, the kinematic viscosity of the
mean flow escalates into the turbulent eddy viscosity as the nature of the flow grows from laminar
to turbulent. This process suggests that the mixing intensity of the mean flow is related to the level
of instability and disorder of the instantaneous flow [45].

Following the same idea, we present mean and phased-locked vorticity contours in Fig. 4 to
demonstrate the unique mixing behaviors of a synthetic jet from an instability perspective. Figure 4(a)
shows the mean vorticity contour of a synthetic jet and the near field (x/d < 10) can be identified
by two strong shear layers. Figure 4(b) shows a sample phase-locked vorticity contour of the same
synthetic jet averaged over different cycles. We can observe that the near field is characterized by
coherent vortical structures that resemble the roll-up of shear layers between laminar and turbulent
regions of a continuous jet. However, the difference is that the vortical structures of a synthetic jet
are generated by external excitation (pulsation) as opposed to the natural instability of free shear
layers. Therefore, the interaction, coalescence, and breakdown of the vortices of a synthetic jet
should be dictated by the time and length scales related to the pulsation. As a result, an enhanced
mode of instability is created in the transitional region (x/d > 10) of a synthetic jet, where large
vortical structures still exist while their evolution becomes highly irregular and unpredictable. This
is demonstrated in Figs. 4(c) and 4(d), which show the instantaneous vorticity field and the locations
of coherent vortical structures obtained from the same phase of different cycles. Similar statistical
observations for a two-dimensional synthetic jet were also reported by Béra et al. [46]. These results
suggest that the instantaneous flow of the transitional region is vortical and fluctuating, while the
mean flow is reduced to weak shear layers [see Fig. 4(a)] and displays near-turbulent jet features,
e.g., the self-similarity. However, because the vortical structures in the transitional region are still
large compared with the small eddies of an actual turbulent jet, the instability of those large vortices
is likely to induce larger momentum transport than a turbulent flow. This explains why the mixing of
the transitional region is enhanced over the far field, where the large vortical structures of a synthetic
jet eventually break down into small eddies of an unforced turbulent flow.
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FIG. 5. The left schematic shows the mean velocity field and the corresponding vortical structures in different
regions of a synthetic jet. The right figure presents the power spectrum results in different regions of a sample
synthetic jet (SJ17).

To further substantiate the above understanding, Fig. 5 presents the power spectrum plots for the
near field, transitional region, and far field of a sample synthetic jet (SJ17). In the near field, it is seen
that the driving frequency coincides with the highest energy peak followed by its subharmonics. Since
this is also the frequency at which the coherent vortex rings are generated, it justifies the dominance
of the periodic flow induced by the main vortex rings. In the transitional region, the impact of the
primary pulsation harmonic is gradually reduced while moving away from the orifice. Meanwhile, a
Kolmogorov scaling of −5/3 emerges near the primary pulsation frequency, indicating the initiation
of a turbulent flow regime dictated by the interaction of vortices at the corresponding length scale.
This mechanism is similar to that of a continuous jet, except that the energy peaks for continuous
jets correspond to the vortical structures that are formed due to natural instabilities. To this end,
the special mixing mode of a synthetic jet is attributed to the special turbulent flow with “forced”
instabilities. Moving further downstream into the far field shows the growth of the Kolmogorov
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scaling region, while the effects of the pulsation harmonic and subharmonics diminish, marking the
establishment of a fully developed turbulent flow.

To summarize, the current study focuses on the characteristics of the spreading and decay behaviors
in the region beyond the near field of round synthetic jets. The results suggest the existence of an
extended transitional region, as far as 30d–50d from the jet exit, where the spreading and decay
rates are significantly enhanced over a continuous jet. This is attributed to an enhanced mixing of
the transitional region caused by a forced instability of large vortical structures. However, as the
large vortices break down into small eddies, the spreading and decay rates eventually decrease to
asymptotic values comparable to a continuous jet in the far field. The information obtained from this
work leads to an improved understanding and hypothesis of the flow regions of a round synthetic
jet, as illustrated in Fig. 5. The near field is dominated by the periodic generation of coherent vortex
rings. These vortex rings are relatively stable and their movements are predictable as they advect
downstream under self-induced effect. In the transitional region, the main vortex rings become
weaker and gradually decelerate so they begin to interact with each other. As a result, instability
starts to kick in and the motions of the vortices become irregular. This is why the flow displays
some turbulent features, i.e., the self-similar mean flow. However, the forced instability of these
large vortical structures causes intense momentum transport and mixing, and consequently results
in strong spreading and entrainment of the mean jet flow. As the vortical structures move further
downstream and arrive at the fully developed far field, where the large vortices break down into
smaller eddies, the transition into a full turbulent state is finally achieved and the appearance of the
jet is not much different from the far field of a continuous jet.
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