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The pur pose of this study is the ex per i men tal in ves ti ga tion on self-sus tained
os cil lat ing jet char ac ter is tics. Main aim was to de scribe vor ti cal struc tures
of tur bu lent air jet is su ing from the noz zle of spe cial con fig u ra tion, mod i fied 
by the con trolled os cil la tions in free jet setup. In the pres ent ex per i ments
was used so-called “whis tler noz zle”, a sim ple-struc tured de vice ca pa ble to 
in duce self-sus tained ex ci ta tions with con trol la ble fre quen cies de pend ing
on the noz zle geo met ri cal con fig u ra tion. The fre quency of the ex ci ta tion
mea sured with a far-field con denser mi cro phone probe was around 1-2
kHz. The jet Reynolds num ber was in the range 48,000-95,000 in all ex per i -
men tal con di tions pre sented in this pa per. Flow field ve loc ity mea sure ments 
were pro vided in the free jet setup, with and with out self-sus tained ex ci ta -
tions. The im ages of both free and im ping ing jets were taken with a
high-speed dig i tal video cam era. The flow field and struc ture of the jet were
found to be ex tremely sen si tive to the ex ci ta tion and de pend ent on the ex ci -
ta tion con di tions. This fact can lead to the con clu sion that the lo cal heat
trans fer char ac ter is tics of jet im pinge ment are also re mark ably de pend ent
on the jet ex ci ta tion.

Key words: self-sustained oscillation, whistler nozzle, impinging jet,
velocity measurement, flow structure visualization

In tro duc tion

Im ping ing jets are used in a wide va ri ety of in dus trial and tech no log i cal ap pli ca -
tions such as gas tur bine or elec tronic com po nents cool ing, dry ing of pa per, tex tiles and
film ma te ri als, and tem per ing of glass, due to high heat trans fer rates ob tained in a jet
stag na tion re gion. Hill and Greene [1] made ex per i ments, in the first place, on jet-mix ing
rate of an in ter est ing de vice that they named as “whis tler noz zle”. Acous ti cally mod i fied
jets, how ever, as a means of in creas ing en train ment was not a new idea even at this time.
Crow and Cham pagne [2] suc cess fully gen er ated dis crete fre quency sound waves with a
loud speaker lo cated up stream of their ple num cham ber. By tak ing ad van tage of ple num
cham ber res o nances, they were able to pro duce exit plane si nu soi dal fluc tu a tions in ve -
loc ity up to 5% of the core ve loc ity at spe cific fre quen cies. It has been shown by Hill and
Greene that the whis tler noz zle has pro duced the ve loc ity fluc tu a tions as high as 15%,
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and more sig nif i cantly, such fluc tu a tions were pro duced with out any ex ter nal in put. They 
stud ied this phe nom ena in the lim ited ranges of the pa ram e ters which di rectly in flu ence
the flow char ac ter is tics, but un suc cess fully ob tained no cor re la tions among the pa ram e -
ters. Hasan and Hussain [3] ex tracted from their more ex ten sive data and showed the cor -
re la tion be tween the whis tler noz zle geo met ric pa ram e ters and the pro duced ex ci ta tion
fre quen cies. They’ve con cluded that self-ex cited axisymmetric jets with pipe noz zles
clearly have ex cit ing pos si bil i ties, es pe cially for con trol ling or mod i fy ing near-field
trans port phe nom ena in clud ing mix ing of heat, mass, and mo men tum, en train ment, and
aero dy namic noise gen er a tion. From a view point of acous ti cal con trol of the jet, the
whis tler noz zle pres ents it self an at trac tive pos si bil ity be cause of its sim ple con fig u ra -
tion, no re quire ment of ex ter nal power, and abil ity to in duce self-sus tained os cil la tions of 
con trol la ble am pli tudes and fre quen cies over wide ranges.

In the pres ent study, much at ten tion was paid to ex per i men tal in ves ti ga tion of
the ve loc ity field of the tur bu lent air jet acous ti cally mod i fied by the self-sus tained os cil -
la tions in the whis tler noz zle op er a tion to gether with it’s vi su al iza tion with a high-speed
dig i tal cam era. 

Ex per i men tal ap pa ra tus setup and mea sure ment tech niques 

Ex per i men tal ap pa ra tus 

The ex per i ments have been car ried out in a lab o ra tory with the pre cise con trol of 
air tem per a ture and hu mid ity. Fig ure 1 shows sche matic view of the air-jet flow fa cil i ties

with cir cu lar jet con fig u ra tion, con -
sist ing of a blower, a valve, a heat
exchanger, an or i fice-type flow rate
me ter, a 10° dif fuser, a hon ey comb, a 
con trac tion, a set tling cham ber, and
the whis tler noz zle at tached to the
con ver gent noz zle at the end of the
set tling cham ber. The set tling cham -
ber as sures the axisymmetry of the
flow up stream of the whis tler noz zle.
Sev eral mesh screens are mounted
in side the jet fa cil ity to re duce tur bu -
lence at the noz zle exit. 

Ex per i men tal tech niques 

Ve loc ity mea sure ments were per formed us ing a com mer cially-avail able I-type
hot-wire probe. All probes used in ex per i ments had the wire with the di am e ter and the
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Figure 1. experimental setup



length 4 mm and 1.4 mm, re spec tively. The probe was op er ated as hot-wire ve loc ity sen -
sor by a con stant-tem per a ture mod ule of the an e mom e ter. The probe was mounted on a
very ac cu rate com puter con trolled 2-D tra vers ing de vice, with the small est step in both
di rec tions of 5 mm, for pre cise po si tion ing in side the ve loc ity field. Sam pling rate was
kept con stant at level of 10,000 sam ples per sec ond for all in ves ti gated cases, and for
each mea sur ing point were col lected 10 sets of the one-sec ond se quen tial dig i tal data. Af -
ter the data ac qui si tion all sig nals were time-av er aged and the ap pro pri ate ve loc ity fluc -
tu a tion and tur bu lence in ten sity were cal cu lated.

The to tal tem per a ture of the jet was mon i tored at po si tion 10 in fig. 1 us ing an
our-own made probe of a thin-thick ness stain less-steel tube (1.4 mm I. D.) in which a
K-type ther mo cou ple pair was in stalled. The mon i tor ing lo ca tion was on the cen ter line of 
the set tling cham ber ap prox i mately 300 mm up stream of the whis tler noz zle. The dif fer -
ence be tween the jet to tal tem per a ture and the am bi ent tem per a ture was care fully con -
trolled within 0.1 °C in all ex per i men tal con di tions, to avoid this tem per a ture dif fer ence
in flu ence on the jet struc ture, which is es pe cially im por tant in the heat trans fer ex per i -
ments.

Acous tic mea sure ments were car ried out us ing a min ia ture far-field con denser
mi cro phone probe con nected to an FFT an a lyzer.

The flow vi su al iza tion sys tem used to study the ef fect of acous tic ex ci ta tion on
the vor ti cal struc ture of a jet was com posed of a smoke gen er a tor, a con tin u ous-wave
Argon-ion la ser with suit able set of lenses to ob tain a de sired thin la ser sheet and a
high-speed video cam era con nected to a com put er ized im age cap tur ing sys tem.

Whis tler noz zle con fig u ra tion and op er a tional char ac ter is tics

The de vice con sists of a round tail pipe at tached to the down stream end of a con -
ver gent jet noz zle and an axisymmetric col lar slid ing over the tail pipe, as shown in fig. 2. 
As a col lar is pulled down stream a loud pure tone abruptly gen er ates. This is called the
first stage of the acous tic ex ci ta tion. With in creas ing Lc, the tone in creases in am pli tude,
reaches max i mum, de creases and then dis ap pears. With a fur ther in crease in Lc, the tone
re gen er ates. This is the sec ond stage, and so on. The tone fre quency de pends on the
pipe-noz zle length Lp, the col lar length Lc, the step height h (i. e. the dif fer ence be tween
the in ner ra dii of the noz zle and the col lar), the noz zle di am e ter D, and the jet exit ve loc -
ity Ue [3].
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Figure 2. Experimental configuration: pipe-collar (whistler nozzle)



Flow char ac ter is tics of ex cited and non-ex cited jets

High speed cam era vi su al iza tion 

Jet vi su al iza tions with the high-speed dig i tal cam era were per formed to re veal
the ef fects of self-sus tained acous tic ex ci ta tion on the vor ti cal struc tures of the jet. Spe -
cial at ten tion was fo cused to the large-scale co her ent struc tures in the in cip i ent and tran -
si tional re gions of the jet de vel op ment. Vi su al ized im ages of the jet flows ac tu ally re -
vealed that acous ti cal per tur ba tions could have re mark able in flu ence on the short-length
re gion from the noz zle lip and pro duce aug men ta tion as well as sup pres sion of tur bu lent
ve loc ity fluc tu a tions de pend ing on the jet Reynolds num ber, ini tial flow con di tions and
ex ci ta tion Strouhal num ber [4]. Large aug men ta tions of ve loc ity fluc tu a tion are as so ci -
ated with vor tex pair ing in the jet.

Ini tial shear layer in sta bil ity near the noz zle lip re sults in a vorticity mi gra tion to
form pe ri odic, axisymmetrical co her ent con cen tra tions and leads to the lam i nar shear
layer roll ing-up to form pe ri odic streaks of ring-shaped vor ti ces [5]. The ring vor ti ces
con vected down stream with growth in size un dergo vor tex-pair ings with pre ced ing or
fol low ing vor ti ces ow ing to the pres ence of a feed back loop mech a nism, the loop of
which is es tab lished be tween the noz zle exit and the lo ca tion of vor tex pair ing [6]. In the
late-tran si tion re gion, the ring vor ti ces are dis torted ow ing to wave in sta bil ity of their
own cores, and col lapse into large scale ed dies. Ac cord ing to [7], the de vel op ment of free 
jet is ac com pa nied by the tran si tion of an axisymmetrically co her ent vor ti cal struc ture to
a less co her ent tur bu lent struc ture with large scale ed dies in the shear layer.

Fig ures 3, 4, and 5 show the set of high-speed video im ages taken at speed of
4,500 frames/s. The time dif fer ence be tween each im ages was 0.2 ms. The jet was seeded
with smoke un der the jet Reynolds num ber of 91,000 in a non-ex cited case (Ste = 0, fig.
3), an ex cited case (Ste = 0.29, fig. 4), and an other ex cited case (Ste = 0.52, fig. 5). The
flow di rec tion of the jet, on all pre sented im ages, is from the right to the left side, and the
stream-wise frame length of the cap tured im age is ap prox i mately 3.5D. High-speed video 
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Figure 3. High-speed video images of non-excited jet, Lp = 6D; Re = 91,000



im ages of the non-ex cited jet in fig. 3, show small-scale non-or ga nized vor ti cal struc tures 
in the pe riph eral re gion of the jet, but no ap par ent struc tures in the po ten tial core re gion.
In the ex cited jet cases, on the other hand, the large-scale struc tures of vor tex for ma tion
were clearly ob served. Vi su al ized scales of the vor ti cal struc ture were found to be much
larger in the case of Ste = 0.29 (fig. 4) than in the case of Ste = 0.52 (fig. 5). Also, the ap -
par ent length of the po ten tial core ap pears to be shorter in the case of  Ste = 0.29 than Ste =
= 0.52. The con di tion of  Ste = 0.29 cor re sponds close to the case of  “pre ferred mode”
(Ste = 0.3) ac cord ing to [2] and [3].

Vor ti ces con vected down stream from the noz zle lip were ob served to in duce the
pe ri od i cal os cil la tions of the po ten tial core. This is con se quence of the fact that the large
scale vor ti cal struc tures, grown in size, can be found even at the jet axis at very short dis -
tance from the noz zle lip. The re gion near the noz zle lip in the ex cited case, in par tic u lar,
of Ste = 0.29 close to the pre ferred mode, was ob served to be very sim i lar in struc ture to a
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Figure 4. High-speed video images of excited jet, Ste = 0.29; Lp = 6D; Re = 91,000

Figure 5. High-speed video images of excited jet, Ste = 0.52; Lp = 3D; Re = 91,000



far down stream re gion of the non-ex cited jet. Ex ci ta tion fre quency close to the pre ferred
mode could be ef fec tive in short en ing the length of the po ten tial core and in creas ing tur -
bu lent fluc tu a tions in a shorter ax ial dis tance from the noz zle lip.

Jet ex ci ta tion has re mark able in flu ence on the re gion close to the noz zle lip and,
for in ves ti gated si nu soi dal ex ci ta tions pro duced with the whis tler noz zle of the given ge -
om e try, pro duces aug men ta tion of tur bu lent ve loc ity fluc tu a tions de pend ing on the
Strouhal num ber and Reynolds num ber. Jet showed very high sen si tiv ity to the ex ci ta tion 
fre quency, for fur ther de tails see ref. [8].

Ve loc ity and tur bu lence in ten sity 

Ve loc ity mea sure ments were per formed un der the var i ous con di tions of noz zle
ge om e try, flow rate and ex ci ta tion fre quency sum ma rized in tab. 1. Main aim was to de -
scribe vor ti cal struc tures of tur bu lent air jet is su ing from the whis tler noz zle, mod i fied by
the con trolled os cil la tions in free jet. For these pur poses, sev eral sets of pipe noz zle with
dif fer ent lengths and the con stant di am e ter, D = 18 mm, were man u fac tured. The step hight
of the whis tler noz zle was fixed at h = D/8, while the flow char ac ter is tics are var ied in the
range of Reynolds num ber 48,000-95,000 which cor re sponds to ve loc ity range 40-90 m/s.
The ex ci ta tion Strouhal num ber, Ste, was var ied in the range of  0.2 < Ste < 0.9.

Table 1. Geometrical and flow experimental characteristics

Noz zle
di am e ter, 
D [mm]

Noz zle length,
Lp

Reynolds num ber,
Re [–]

Noz zle exit ve loc ity, 
Ue [m/s]

Ex ci ta tion Strouhal
num ber,
Ste [–]

18 3D, 6D, 9D, 12D 48,000-95,000 40-90 0.2-0.9

The re sults are pre sented as the ax ial dis tri bu tions of time-av er aged cen ter line
ve loc ity and tur bu lence in ten sity grouped by ex ci ta tion Strouhal num ber. The ax ial dis -
tance from the noz zle exit, L, is mea sured from the end of the pipe noz zle along the jet
axis in down stream di rec tion, not de pend ing on the col lar po si tion dur ing the ex per i -
ments with self-sus tained ex ci ta tion.

As men tioned be fore, the noz zle does not need any ex ter nal power for pro duc ing 
os cil la tions in the jet. There was only one pos si bil ity to change the ex ci ta tion Strouhal
num ber – by chang ing jet ve loc ity at the noz zle exit, due to the fact that for the fixed pipe
length, the whis tler noz zle could pro duce only fixed fre quency and with the change of jet
ve loc ity only ex ci ta tion am pli tude was changed. The aim was to com pare ex ci ta tion
cases with sim i lar Ste to ex plore if the ex ci ta tion Strouhal num ber is rel e vant pa ram e ter
for the jet con trolled ex ci ta tion char ac ter iza tion. The ex per i ments in clud ing the sup ply of 
ex ter nal source for jet ex ci ta tion can serve as rel e vant com par i son [9].
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The ax ial dis tri bu tions of nor mal ized time-av er aged ve loc ity against the nor -
mal ized ax ial dis tance from the noz zle, grouped by Strouhal num ber, are shown in figs. 6, 
7, and 8.
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Figure 6. Axial distributions of:
(a) normalized time averaged centerline velocity,

(b) turbulent intensity of non-excited and excited jet grouped by Ste < 0.3
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Figure 7. Axial distributions of:
(a) normalized time averaged centerline velocity,

(b) turbulent intensity of non-excited and excited jet grouped by Ste » 0.3-0.4
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Figure 8. Axial distributions of:
(a) normalized time averaged centerline velocity,

(b) turbulent intensity of non-excited and excited jet grouped by Ste >~ 0.4



Nor mal ized time-av er aged ve loc ity pro files of non-ex cited tur bu lent jet show
or di nary char ac ter is tics of the jets is su ing from the cir cu lar noz zles. Nor mal ized cen ter -
line ve loc ity re mains al most equal to the value mea sured at the noz zle exit up to nor mal -
ized ax ial dis tance L/D = 4, fol lowed with down stream de cel er a tion of the jet ve loc ity in
larger ax ial dis tances. It is ap par ently clear that the mea sured nor mal ized ve loc ity pro -
files have the po ten tial core with con stant jet ve loc ity up to nor mal ized ax ial dis tance be -
tween 4 and 5.

Nor mal ized time-av er aged ve loc ity pro files of ex cited tur bu lent jet show de cel -
er a tion of the jet ve loc ity in all self-sus tained ex ci ta tion cases pre sented in this pa per in
com par i son with non-ex cited tur bu lent jet ve loc ity pro files. Af ter sud den de cel er a tion at
the nor mal ized ax ial dis tance equal to 1, in nor mal ized ve loc ity pro files, the flat ar eas
with al most con stant ve loc ity could be found in the re gion from the noz zle exit to some
ax ial dis tance de pend ing on the ex ci ta tion Strouhal num ber. This can lead to the con clu -
sion that jet po ten tial core still ex ists in the ex cited jet, but its length re mark ably short ens
de pend ing on the ex ci ta tion fre quency.

Tur bu lence in ten sity of non-ex cited cases shows the char ac ter is tic dis tri bu tion
of the jet is su ing from the cir cu lar noz zle. Af ter low level of 0.4% at the noz zle exit, the
tur bu lence in ten sity monotonically rises along the ax ial dis tance from the noz zle exit and
reaches its max i mum at dis tance of 9 noz zle di am e ters. Fur ther de crease of the tur bu lence 
in ten sity is ev i dent along the larger ax ial dis tances from the noz zle exit due to sig nif i cant
de cel er a tion of the jet ve loc ity. From the heat trans fer point of view, the peak po si tion of 
tur bu lence in ten sity dis tri bu tion closely cor re sponds to the max i mum in the Nuselt num -
ber dis tri bu tion.

Tur bu lence in ten sity pro files of all ex cited cases are clearly found to have a peak 
around L/D = 2-3, in com par i son with the non-ex cited jet case, de pend ing on the ex ci ta -
tion Strouhal num ber. In the pre sented pro files it is ob vi ous that ini tial ex ci ta tion am pli -
tude var ies from case to case, due to the na ture of self-sus tained ex ci ta tions that can be
pro duced by the whis tler noz zle, and also due to the lim i ta tions in vary ing the ex per i men -
tal Strouhal num ber al ready ex plained in this pa per.

Tur bu lence in ten sity pro files of the ex ci ta tion cases of the Strouhal num ber
close to 0.3, most am pli fied mode of ex ci ta tion, show higher val ues of tur bu lence in ten -
sity com pared to the other ex ci ta tion cases. It can be clearly seen in fig. 7 that ex ci ta tion
am pli tudes mea sured at the noz zle exit were in the range 10 to 14% for ex per i men tal
Strouhal num ber of 0.3. Very high tur bu lence in ten sity val ues achieved in the ex per i ment 
are prob a bly de rived from the ap plied tur bu lence in ten sity cal cu lated with out re mov ing
of the si nu soi dal fluc tu a tion com po nent from the di rectly mea sured in stan ta neous ve loc -
ity com posed of the fol low ing equa tion U u u u= + + ¢~ .

The peak po si tion of max i mum tur bu lence in ten sity pro files shifts close to the
noz zle exit, which cor re sponds to the ve loc ity de creas ing on smaller ax ial dis tances from
the noz zle lip com par ing to the non-ex cited cases. Ax ial dis tri bu tions of tur bu lence in ten -
sity show max i mum val ues at ax ial dis tance of 2-3 noz zle di am e ters for ex ci ta tion cases
of  Strouhal num ber close to Ste = 0.3-0.4, shown in fig. 7, while in the ex ci ta tion cases
Ste < 0.3, shown in fig. 6, and Ste > ~0.5, shown in fig. 8, ax ial po si tions of the max i mum
tur bu lence in ten si ties are 3-4 noz zle di am e ters and 6-7 noz zle di am e ters, re spec tively.
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At larger ax ial dis tances, the tur bu lent in ten sity val ues mea sured in these ex per i -
ments (L/D = 9 and 10) are al most equal to those mea sured in non-ex cited jet. The ex ci ta -
tion does not have any in flu ences on the ve loc ity pro files at higher ax ial dis tances from
the noz zle lip. Tran si tion into the small tur bu lent struc tures was al ready fin ished, and
slight de creased val ues of tur bu lent in ten sity in this area are due to sig nif i cant de cel er a -
tion of the mean jet ve loc ity, as al ready men tioned in the pa per.

Sig nif i cant de crease of the jet av er aged ve loc ity and the cor re spond ing in crease
of tur bu lence in ten sity, at smaller ax ial dis tances from the noz zle, can lead to the con clu -
sion that max i mal heat trans fer can oc cur in near-field of the jet  com pared to the non-ex -
cited cases, if the im ping ing plate is po si tioned per pen dic u larly to the jet flow di rec tion.

Even if there was a sig nif i cant dif fer ence in Reynolds num bers and geo met ri cal
pa ram e ters set in the pres ent ex per i ments, it is clearly shown that ex ci ta tion cases can be
grouped by ex ci ta tion Strouhal num ber.

Con clu sions

The pres ent pa per shows the re sults of ex per i men tal in ves ti ga tion of
axisymmetric tur bu lent air jet char ac ter is tics mod i fied by self-sus tained os cil la tions in
the whis tler noz zle op er a tion, which was vi su al ized with the high-speed dig i tal video
cam era and mon i tored us ing the hot-wire anemometry.

Vi su al iza tion of the ex cited and non-ex cited air jets showed very high sen si tiv -
ity of jet flow pat terns to the ex ci ta tion fre quency. The ex ci ta tion case close to the ex ci ta -
tion Strouhal num ber of Ste = 0.3 pro duced a large-scale vor ti cal struc ture in the re gions
nearer the noz zle lip than the other ex ci ta tion cases. Also, the ap par ent length of the po -
ten tial core be comes shorter in the case close to the pre ferred mode with Ste = 0.3.

Ve loc ity mea sure ment of ex cited jet cases showed ev i dence of the faster jet
spread and de cay at larger ax ial dis tances from the noz zle lip com pared to non-ex cited jet
cases for all the in ves ti gated ex ci ta tion con di tions.

All pre sented ex ci ta tion cases can be clearly grouped by ex ci ta tion Strouhal
num ber, de spite sig nif i cant dif fer ence in geo met ri cal and flow char ac ter is tics.

Ex ci ta tion fre quency with Strouhal num ber Ste = 0.3, close to the pre ferred
mode, could be ef fec tive in short en ing the length of the po ten tial core and in creas ing tur -
bu lent fluc tu a tions in a shorter ax ial dis tance from the noz zle lip.

Sig nif i cant de crease of the jet time-av er aged ve loc ity and the cor re spond ing in -
crease of tur bu lence in ten sity at smaller ax ial dis tances from the noz zle can lead to the
con clu sion that the max i mum heat trans fer in im ping ing jet con fig u ra tion can be ob tained 
at shorter noz zle-to-plate dis tances com pared to non-ex cited tur bu lent jet case.
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No men cla ture

D – nozzle diameter, [mm]
fe – excitation frequency, [Hz]
h – step height, [mm]
L – axial distance from the nozzle lip, [mm]
Lc – collar length, [mm]
Lp – straight pipe length, [mm]
r – radial distance from the nozzle axis, [mm]
Re – Reynolds number (= UeD/n), [–]
Ste – excitation Strouhal number (= feD/Ue), [–]
¢uc – centerline velocity fluctuation, [m/s]

Ue – centerline exit velocity, [m/s]
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