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Structure, Penetration, and Mixing of Pulsed Jets in Cross� ow

Adnan Eroglu¤ and Robert E. Breidenthal†

University of Washington, Seattle, Washington 98195

Effects of periodic disturbances on the structure and mixing of a transverse jet have been investigated through
chemically reactive laser-induced � uorescence experiments in a water model. Flow visualization experiments with
a steady, round jet in cross� ow revealed a distinct vortex loopmerging pattern among the vortices that make up the
curved shear layer around the jet. As the vortex loops are stretched and distorted, certain parts of the neighboring
loops with the oppositeor the same sign of vorticity merge, resulting in cancellation or intensi� cation of the vorticity
in the corresponding regions of the jet. When the � ow rate of this jet was periodically modulated by a square wave,
however, distinct vortex rings were created whose spacing and strength were dictated by the pulsing frequency for
a given jet and cross� ow combination. At low pulsing rates, these rings penetrated into the cross� ow signi� cantly
deeper than the steady jet. An optimum pulsing frequency was found at which closely spaced vortex rings were
observed, which penetrated as discrete vortices into the cross� ow in the near � eld. Strong interactions among
neighboring rings were observed farther downstream. Experiments with high Reynolds number jets revealed up
to a 70% increase in jet penetration, whereas the � ame length of the jet was reduced by 50% at this optimum
pulsing frequency.

Nomenclature
c f = � ame or reaction chord length,
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d j = nozzle exit diameter
f = pulsing frequency
Re j = Reynolds number
Sr = Strouhal number, f d j =U j

U j = jet velocity
U1 = cross� ow velocity
VR = mean jet-to-cross�ow velocity ratio
x = streamwise coordinate
x f = streamwise � ame or reaction length
y = transverse coordinate
y f = transverse � ame or reaction length
® = duty cycle, percentage of jet-on during each cycle
Á = stoichiometric (equivalence) ratio

I. Introduction

A JET, introduced at large angles into a cross� ow, is commonly
utilized in various applications.A few of these include injec-

tion of gaseous or liquid fuel jets in a cross� owing airstream in a
premixingburner, injectionof dilutionair throughcombustor liners,
discharge of chimney gases into the atmosphere, and thrust control
of rockets via small jets. In most of these applications,it is desirable
to have control over the � uid mechanics of this � ow to improve the
quality of the end process. For example, entrainment of cross� ow
� uid into a fuel jet and the resultingmixingbetween the two streams
are critical to the ef� ciency and size of a combustor, as well as to
the composition of the combustion products. The mixing problem
is more important for high-speedcombustion applications;ultrafast
mixing of fuel with the oxidizer is required in the engine of a scram-
jet, for which a transverse jet is a potential candidate due to slow
mixing characteristicsof mixing layers at supersonicspeeds.On the
other hand, recent studies have shown that productionof pollutants,
such as NOx components, can be reduced by further understanding
and improving the � uid mechanics of the combustion, that is, by
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reducing the duration of high-temperatureexposure of the combus-
tion gases.

It has long been recognized that a transverse jet is a more ef� -
cient mixer than a freejet or a mixing layer.1;2 This enhanced mix-
ing behavior of the transverse jet is generally attributed to a lon-
gitudinal, counter-rotatingvortex pair, which gives a characteristic
kidney shape to jet’s cross section as sketched in Fig. 1. Conse-
quently, a large portion of the research on this � ow has been con-
centrated on this counter-rotating vortex pair, often neglecting the
three-dimensionalnature of the jet–cross� ow interaction.

A different approach was taken in this study: First, extensive
water-tunnel � ow visualization experiments were conducted with
a round transverse jet, in which the three-dimensional structure of
the jet was analyzed. It was observed during these experiments that
a curved shear layer, composed of distinct vortex loops, is formed
around the jet in the very near � eld of the jet. However, contrary
to the circular vortex rings in a freejet, the vortex loops of a trans-
verse jet are distorted in a unique way out of their plane, such that
the downstream side of each loop is forced to merge with the up-
stream side of either neighboring upstream or downstream loops,
depending on the jet-to-cross�ow velocity ratio. This mechanism
causes a cancellation in vorticity at the cross� ow side of the jet
as parts of discrete loops with opposite sign of vorticity merge.
Meanwhile, parts of each loop are distorted out of their own plane,
forming two spirals on both sides of the jet, which merge with the
spiralsformedby theneighboringloops.This mechanismapparently
causes the vorticity to intensify along two counter-rotating,stream-
wise vortex tubes as the parts of neighboring rings of the same sign
merge.

Once the role of the shear layer vortex loops on the structure
and mixing of a transverse jet was established, the question of how
unsteadyforcingwould affect the formation and interactionof these
vortex loops was raised. With this question in mind, the jet supply
line was divided into two branches and a solenoid valve was placed
in one of them. The � ow rate was either partially or fully modulated
by this valve, and the resultingchanges in the structure,penetration,
and � ame length of the jet were investigated.

A recent study by Wu et al.3 indicated that at low pulsing fre-
quencies, a jet injected at 45 deg into a cross� ow penetrates up
to four times deeper than a steady jet for the same mean momen-
tum � ux. Our experiments4 qualitatively con� rm this � nding for
low Reynolds number jets, whereas the experimentsconductedwith
high Reynolds number jets revealeda reduced,but still signi� cantly
large, effect on penetration due to pulsing. Additionally, � ow visu-
alization of the pulsed jet indicates that spacing of the vortex loops
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Fig. 1 Conventional description of turbulent jet in cross� ow.

Fig. 2 Pulsed transverse jet � ow geometry.

created by each pulse plays an important role in determination of
the jet’s penetration and � ame length.

More recent investigationsby Hermanson et al.5 and Johari et al.6

revealed similar trends in terms of penetrationand mixing and shed
light on the effect of varying the duty cycle of pulsation.

Furthermore, a dramatic change in the structure of the jet, split-
ting of the jet into two branches with one penetrating deep into the
cross� ow while the other one stays close to the wall where the jet
is introduced, was observed in this study. This structure could be
implementedin practicalapplicationsto utilize the existingvorticity
in the jet’s wake for the mixing of the two streams. The vorticity in
the wake of the jet originally comes from the cross� ow boundary
layer.7;8 This vorticitydoes not directly take part in jet’s mixingwith
the cross� ow for a steady jet because no jet � uid is shed into the
wake region.

II. Experimental Facility and Techniques
Experiments were carried out in a horizontal-type recirculating

water tunnel with a test section dimensions of 70 £ 70 £ 300 cm.
This facility, described in greater detail in Refs. 9 and 10, provided
test section � ow speeds up to 70 cm/s at a turbulence intensity of
less than 0.3% of the � ow speed.

The � ow geometry is illustratedin Fig. 2. A pressurizedair-driven
setup supplies the jet � uid. This setup consists of a pressure tank
and a distribution manifold, followed by two supply lines, each
containing a regulating valve and a � owmeter. One of these lines
contains a solenoid valve, which was used to introduce a periodic
disturbanceinto the jet. The two supply lines merge before entering
a nozzle apparatus, installed on a � at plate. The nozzle apparatus
contains a foam section, a honeycomb, a straight settling section,
and a contraction section of variable exit diameter. The � at plate,
holding the nozzle apparatus,was installed 10 cm below water free
surface. This plate is 70 cm wide and 130 cm long. A 5–1 aspect
ratio elliptical leadingedge and an adjustable� ap at the trailingedge
were used to control the cross� ow boundary layer along the plate.

A square wave with duty cycle ® D 50%, generated by a wave
generator and ampli� ed by a power supply, was used to pulse the
solenoidvalve.The � nite responsetime of the solenoidvalve,which
was approximately 8 ms for the valve used, limited the maximum
pulsing frequency that can be applied to the jet stream with this
technique.Becauseof this limitation,pulsingfrequencyrangedfrom
0 to 20 Hz. However, this did not constitute a problem because the

Fig. 3 Sketch of a steady transverse jet, illustrating the deformation
and merging of the vortex loops; arrows in vortex loops represent the
sign of vorticity.

Fig. 4 Plan view of a steady transverse jet with Rej = 650 and VR = 2:3,
with sketches of distorted vortex loops; arrows indicate the sign of
vorticity.

naturalfrequencyof the curvedshear layeraroundthe jet falls within
this range for the experiments reported here.

The jet � uid was either fully supplied through the solenoid valve
or only a certain portionof it was passed through the solenoidvalve,
as the remainingportionwas suppliedfrom the second(undisturbed)
line to analyze both large and small disturbance cases.

Laser-induced � uorescence was used to observe selected cross
sections of the jet. External � ow structure was visualized by a � u-
orescein dye (disodium � uorescein), illuminated by spotlights. An
acid–base reaction yielded the � ame length, de� ned as the location
where all injected � uid has achieved a prescribed volumetric mix-
ture ratio. A pH indicator,phenolphtalein,was added to the alkaline
jet � uid to give a purple color to the jet stream. On mixing of the two
streams to an equivalenceratio, preselectedby the pH values of the
jet and tunnel � uids, the purple color of the pH indicator becomes
invisible, marking the � ame or the mixing length.

III. Results and Discussion
A. Flow Structure

The three-dimensional structure of an unforced transverse jet is
illustrated in Fig. 3, showing the distortion and interaction of the
shear layer vortex loops that make up the jet. A photograph of the
plan view of a low Reynolds number transverse jet is given in Fig. 4,
as visualized by spotlight-induced� uorescence. In Fig. 4, the jet is
issuing toward the viewer and the cross� ow is from left to right.

Figures 3 and 4, presented as examples of several video record-
ings of � ow visualization tests, suggest that each ring is distorted
out of its plane such that the downstreamportion of a ring (lee side)
is stretched to merge with the upstream portion (pressure side) of
the following ring. It appears that this mechanism brings together
parts of neighboringrings of opposite sign of vorticity, as indicated
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Fig. 5 Photographs of the streamwise cross section of a pulsed jet at Strouhal numbers of 0, 0.28, 0.42, and 0.71 for Rej = 650 and VR = 2:3
(100% modulation).

with arrows in Fig. 3, resulting in cancellation of vorticity where
this merging takes place. The remaining parts of each ring are spi-
raled into two counter-rotating vortices on both sides (which, for
simplicity, are not included in Fig. 3) causing the jet vorticity to
concentrate along a pair of longitudinal vortices.

Photographs of the side view of a low-Reynolds-number trans-
verse jet, illuminated by a laser sheet at the streamwise symmetry
plane, are given in Figs. 5a–5d for Strouhal numbers of 0, 0.28,
0.42, and 0.71, respectively. The jet Reynolds number Re j is ap-
proximately 650, and mean jet-to-cross�ow velocity ratio (VR) is
2.3. The unforced jet photograph (Fig. 5a) reveals the formation
of a curved shear layer around the jet. In the near � eld, the afore-
mentioned merging of the downstream side of each loop with the
upstreamsideof theneighboringdownstreamloop canbe seen along
the lower surface of the jet, with an arrow indicating the location of
the � rst vortex merging. The stretching and distortion of the loops
can be seen in the wake side. In the far � eld, a more developed
structure is present, which, in addition to merging of neighboring
loops, also includes random pairings between neighboring loops.

When this jet is fully pulsed (100% modulation) at a rate of
Sr D 0:28 (Fig. 5b) in a square wave, a dramatic change is ob-
served in the overall structure of the jet: Two distinct branches are
formed, one penetrating deep into the cross� ow as the other one
stays close to the wall. The lower branch consists of circular, undis-
torted vortex rings, which are spaced such that no pairing among
neighboring rings can be seen until about 15 jet diameters from
the nozzle exit in the cross� ow direction. The upper branch also
exhibits distantly spaced vortical structures, but they are more dis-
torted. Jet � uid columns that appear to be stretched can be seen in
the regionbetween these two branches.Video recordingsof the � ow

indicate that these columnsconnect the vorticalstructures in the two
branches to each other: The ends of each column are connected to
the centers of the correspondingvortex rings in the upper and lower
branches.

As the pulsing rate is increased to Sr D 0:42 (Fig. 5c), the loca-
tion where the � rst pairing is observed in the lower branch shifts
upstream, to approximately eight jet diameters downstream from
the nozzle exit. The upper branch also exhibits pairings within the
observed area. As can be seen from Fig. 5d, increasing the pulsing
rate to Sr D 0:71 causes the two-branched structure to largely dis-
appear. Although the effects of pulsation on the formation of the
vortical structures are clearly visible, the overall structure of the jet
resembles the unforced case.

Photographsof a high-Reynolds-numbertransverse jet are given
in Figs. 6a–6d for Strouhal numbers of 0, 0.04, 0.07, and 0.11,
respectively.The jet Reynolds number and jet to cross� ow velocity
ratio, based on the mean jet velocity, are 6200 and 4.4, respectively,
and � ow is modulated 100% with a duty cycle of ® D 0:5.

The photographsgiven in Figs. 5 and 6 presentcertainsimilarities
despite an order of magnitude increase in Reynolds number for the
latter. In both cases, distinct vortical structures can be observed. A
similar separation between these vortices and the body of the jet
is observed. Thus, the experiments conducted at a low-Reynolds-
number range provide useful visual information on the formation
and interaction of the vortical structures that make up the � ow. It
is evident from Fig. 6 that at high Reynolds numbers � ow structure
gets more complicated, owing to signi� cantly increased � ne-scale
turbulence.

At low pulsingrates, the jet exhibits distantlyspaced vortex rings,
which leave large amounts of � uid in their wake as they penetrate
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Fig. 6 Photographs of the streamwise cross section of a pulsed jet at Strouhal numbers of 0, 0.04, 0.07, and 0.11 for Rej = 6200 and VR = 4:4
(100% modulation).

into the cross� ow, as can be seen from Fig. 6b. At higher pulsing
rates, these ringsare spacedmore closely.Strong interactionsamong
neighboringrings result in a wide, uniformlymixed structure in the
far � eld (Figs. 6c and 6d). It was observed that pulsing at a rate
of beyond Sr D 0:3 did not change the overall structure of the jet
signi� cantly.

Modulating only 20% of jet’s � ow rate (small amplitude pulsing
case) creates a similar effect on the � ow structure, but, as described
hereafter, the overall effect on penetration and mixing is smaller
than the fully pulsed case.

B. Penetration
A sharp increase in the penetration,compared to the steady jet, is

observedwhen the jet is pulsedat low frequencies(Sr D 0:14–0:42).
At a distanceof 40 jet diameters from the nozzleexit, thepenetration
of the Sr D 0:28 case is about3.5 times greater than the steady jet for
Re j D 650 and VR D 2:3. As the pulsing rate is increased beyond
Sr D 0:7, however, the penetrationpro� le declines, approachingthe
steady jet case.

This observation is qualitatively similar to the data reported by
Wu et al.3 for a jet injected at 45 deg to the cross� ow at VR D 4:7
and Re j D 470. They suggest that the peaks in the time historyof the
pulsed jet’s velocity are the major factors that cause this dramatic
increase in the depth of penetration. In other words, because the
mean � ow rate of the jet is maintained constant,momentum of each
pulse is greater than the momentum � ux of the steady jet. Their hot
� lm measurements indicate that the magnitude of the peak velocity
decreases with increasing pulsing rate, having its maximum value
at 1 Hz, the lowest pulsation rate tested in their study. They report
onlysmall oscillationsaroundthemean valueat 16Hz. However, the
photographs given in Fig. 6 suggest that an additional factor other

Fig. 7 Penetration depth variation with Strouhal number for Rej =
6200 and VR = 4:4 (100% modulation).

than increased momentum of discrete pulses, namely, the spacing
of the vortex rings generated due to pulsation, plays an important
role in the penetration depth of the jet.

To further support this observation, the dependence of the pene-
tration depth on the pulsing frequency is given in Figs. 7 and 8, for
a fully (100%) and a partially (20%) modulated jet, respectively,at
downstreamdistancesof 3, 10, and 40 jet diameters from the nozzle
exit. The jet Reynolds number and jet-to-cross�ow VR, based on
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Fig. 8 Penetration depth variation with Strouhal number for Rej =
6200 and VR = 4:4 (20% modulation).

the mean jet velocity, are 6200 and 4.4, respectively.There exist two
peaks in penetration depth in both plots. As expected, the � rst peak
is measured at the lowest pulsing rate of the tests conducted,where
the momentum of each pulse is the maximum.

Surprisingly, despite the initial decline in penetration, increas-
ing the pulsing rate to Sr D 0:11 for the fully modulated jet and to
Sr D 0:17 for the 20% modulated jet causes the penetrationdepth to
increaseagain.As can be seen from both plots, the maximum rise in
penetrationtakesplace in the far � eld, that is, at about40d j axial dis-
tance from the nozzle exit. For the fully pulsed jet, penetrationdepth
at this location for the second peak is comparable to the � rst one.

Video recordings of the � ow suggest strong interactions among
closely spaced neighboring rings at the Strouhal number where the
second peak is observed. In the near � eld, each ring penetrates into
cross� ow, partly by utilizing the induced velocity � eld of the ring
downstream of it, that is, by traveling in its close wake region. In
the far � eld, the sides of the neighboring rings merge, creating vor-
tex pairs with opposite sign of vorticity, which evidently enhances
penetration.

According to Pratte and Baines,11 the trajectory for an unforced
jet in cross� ow is given by

y=.VR d/ D 2:05.x=VR d/0:28 (1)

To elucidate the effect of modulation, in Fig. 9 penetration data
for the case of 100% modulation are presented in y=(VR d ) vs
[x=(VR d)]0:28 coordinates with Strouhal number as a parameter.
As can be seen from Fig. 9, after accounting for the differences in
VR, the pulsed jet has still signi� cantly higher penetration than the
non-pulsed case.

Ideally, to compare the penetration of a pulsed jet to that of a
steady jet, it would be more appropriate to use a pulse-speci�c VR
in the form

VR0 D
¡
J
¯

½U 2
1 A j

¢ 1
2 (2)

where

J D
1
T

Z T

0

½u2.t/A j dt (3)

In this paper, mean or time-averaged VR has been used because in-
stantaneousjet exit velocityhas not beenmeasuredat the time of this
investigation.However, with a constantduty cycle of 50% and with
the assumption of perfect square wave form for u j .t/ (without any
over- or undershoot), evaluation of VR0 yields VR0 D 1:41VR, in-
dependent of pulsing frequency.Inserting this new parameter in the
trajectory equation of, for example, Pratte and Baines11 [Eq. (1)],

Fig. 9 Normalized penetration depth vs [x/(VRd)]0:28 with Strouhal
number as parameter.

yields only a 28% increase in penetration, independent of puls-
ing frequency,when compared to penetrationcalculatedwith time-
averaged VR.

The increase in penetration as a result of pulsing, however, is up
to 100%, as can be seen in Fig. 7. For this reason, it is reasonableto
suggest that an additional mechanism, namely, the spacing of indi-
vidual vortex rings and the interactionamong them, play a decisive
role in penetration depth.

C. Entrainment and Mixing
The pulsed jet exhibits two different typesofmixingbehavior,de-

pending on the � ow conditions. During the experiments conducted
with a 0.95-cm diameter nozzle, it was observed that, for large val-
ues of VR (VR ¸ 5), some portion of the jet � uid is shed into its
wake as the rest of it penetrates into the cross� ow, for almost the
entire range of pulsing frequencies studied. Mixing mechanisms in
the wake region and within the jet are different; the wake structure
is dominated by vertical columns of vortices, whereas vortex rings
created by each pulse are responsible for the entrainment and mix-
ing within the jet. A sample photograph for Re j D 3300, VR D 7:5,
and Sr D 0:4 is given in Fig 10a, demonstrating this type of behav-
ior by the chemicallyreacting laser-induced� uorescencetechnique.
The � uid in the wake region does not mix long after the jet itself
is completely mixed, as can be seen from this photograph. This is
partly due to the vortex structure in the wake and partly because
of Reynolds number based on the cross� ow speed and jet diameter,
that is, wake Reynoldsnumber, is smaller than the Reynoldsnumber
of the mixing transitionfor the � ow conditionsgiven earlier. At low
values of VR (VR < 5), no jet � uid was observed in the wake as can
be seen from Fig. 10b.

Flame length measurements have been conductedby using video
recordings of chemically reactive tests. Owing to the passage of
large-scale structures, the � ame tip position � uctuates periodically.
To account for this � uctuaution, at least 10 video frames were used
to determine an average � ame tip position for each measurement.

Flame length dependency of a pulsed jet of Re j D 8,000 on the
Strouhal number is given in Fig. 11 for three different VR, includ-
ing the range of � uctuation. The equivalence ratio Á, de� ned as
the volume of cross� ow � uid required to completely react with a
unit volume of jet � uid, for the pH transition of the indicator was
seven during these experiments. When pulsed at low frequencies,
a signi� cant reduction in the � ame length was observed. That is,
at Sr D 0:1, the � ame length of the pulsed jet was equal to 64, 63,
and 51% of its value when the jet was not pulsed for VR D 10; 5,
and 3.3, respectively.As the pulsingrate increasedbeyond Sr D 0:1,
in all three cases the � ame length gradually increased to reach its
unforced value.

Ratios of the chord lengths of the � ame, de� ned as c f Dp
.x2

f C y2
f /, for the pulsed and steady jets are given as a func-

tion of the Strouhal number in Fig. 12, for the same � ow conditions
as in Fig. 11. The greatest effect on mixing due to pulsation was
observed for VR D 3:3, about a 40% reduction in the chord length
of the � ame at Sr D 0:1.
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a)

b)

Fig. 10 Flame structure at a) high and b) low VR.

Fig. 11 Flame length vs Strouhal number for Rej = 8000 and Á = 7
(100% modulation).

These measurementsmay suggest that pulsinghas a greatereffect
on mixing at low VR values. However, it can be also argued that
pulsing is more effective on mixing when the steady � ame length of
the jet is naturally long, due either to low VR or to high equivalence
ratio of the chemistry used.

Flow visualization of the jet revealed that pulsation creates dis-
tinct vortex rings, which have a lower entrainmentrate than a steady
jet in cross� ow. Only after these discrete rings start interacting can
one anticipate a signi� cant improvement in mixing. Thus, it is plau-
sible to expect a greater effect on mixing due to pulsationfor � ames
that extendbeyondthe jet’s near � eld. In fact,during the preliminary

Fig. 12 Flame chord length ratio of pulsed to steady jet vs Strouhal
number for Rej = 8000 and Á = 7 (100% modulation).

Fig. 13 Flame length vs Strouhalnumber for Rej = 4000,VR = 2:5, and
Á = 5:5 (20% modulation).

experiments conductedwith jets of Á D 2, pulsing demonstratedno
signi� cant effect on the � ame length of the jet.

Also note that the minimum � ame length was measured at Sr D
0:1 for all threeVR valuesgivenearlier, indicatingthat the cross� ow
velocitydoesnot alter theoptimumpulsingfrequencyfor a given jet.
Apparently, pulsation creates a near-� eld vortex rollup that occurs
before the cross� ow speed U1 has an effect.

Then, if the assumption holds that the � ame length of the jet
is mainly decided by the interactions among neighboring rings, it
can also be said that for large values of VR, the optimum pulsing
frequency (where the minimum � ame length is measured) depends
mainly on the jet velocity.

Flame length of a 20% modulated jet as a function of pulsing
frequencyis givenin Fig. 13 for Re j D 4000,VR D 2:5, andÁ D 5:5.
Experiments suggest a reducedeffect on the � ame length,compared
to fully pulsed jet, when the � ow rate of the jet was modulated
partially.

IV. Conclusions
Flow visualizationexperimentswith round,turbulentjets in cross-

� ow revealed that structure of a transverse jet is dominated by the
formationof a curvedshear layer, composedof distinctvortex loops,
aroundthe jet in the near-� eld, as well as the subsequentinteractions
among neighboringloopsas the jet bendsover.A uniquevortex loop
merging pattern was observed that results in cancellationand inten-
si� cation of the vorticity at different regions of the jet, as certain
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parts of the neighboring loops merge with the opposite or the same
sign of vorticity, respectively.

Periodic forcing of the jet stream creates vortex loops with their
strength and spacing determined by the frequency of the forcing
and the jet-to-cross�ow VR. By tuning the pulsing frequency for
a given jet-to-cross�ow VR, it was observed that optimum vortex
loop spacing and strength can be achieved that increases the jet’s
penetrationwhile concurrently enhancing the mixing. Experiments
conducted with high-Reynolds-number jets demonstrated up to a
70% increase in penetrationdepth and a 40% reduction in the chord
length or a 50% reduction in the streamwise length of the � ame.

It was also observed that, for large values of jet-to-cross�ow VR,
the optimum pulsing frequencyat which penetrationand mixing are
maximized does not depend on the cross� ow velocity.

Chemically reactiveexperimentsalso suggest that pulsinghas the
greatest effect on mixing when the unforced � ame extends to the
far � eld. It is suggested that because pulsing creates distinct vortex
loops, which have relatively slow entrainment rates until they start
pairing, theenhancementassociatedwith pulsingtakesplacemainly
in the far � eld.
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