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Abstract

A two-dimensional subsonic jet was subjected to small periodic oscillations in its potential core
region by vibrating a thin symmetric airfoil. Significant increase in the width of the jet and entrain-
ment was observed due to excitation. The effect of the amplitude as well as the frequency of
vibration on the jet was investigated. The mean velocity profiles of the excited jet exhibited simi-

larity.
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1. Introduction

The behaviour of a jet subjected to forced excitation has drawn considerable attention
in recent years-8. [t is observed that even small amplitudes of oscillation imposed
on the jet produce a large spread of the jet with appreciable increase in entrainment.
A subsonic jet could be excited by several means, namely, acoustic excitation, mecha-
nical vibrations and fluidic devices®. The rapid spread of the jet due to excitation is
the result of the increase in mixing between the flow issuing from the nozzle and the

ambient fluid surrounding it.

Recently Simmons er al* observed that the excitation of a two-dimensional jet_by
a0 oscillating vane placed downstream of the nozzle exit in the potential core region
has an advantage over an internally pulsed jet. Both techniques produce a large
SPread of the jet; however, the mass flow is intermittent in the latter case while In

the former it is steady.

e 84



54

|

M. A. BADRI NARAYANAN AND S5, RAGHU

The present work was initiated to investigatic _the vane EJ'ECit(::.d technique i,
study the rate of spread under different conditions of excitation. This Fese
vity forms a part of the overall program to study the performance of ap ¢;

different mixing dcvices.
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2. Experimental set-up

The experiments were conducted in a subsor}ic jet 1ssuing from a 15¢m long Straigh;
rectangular nozzle of span 20 cm and of width (h) 2 cm (aspect ratio of 10). Tg,
dimensions were chosen to have a reasonably wide jet with high exit velocity t matc}
the capacity of the centrifugal blower used in the system. In between the blower
the nozzle, a large settling chamber containing a honeycomb and a pair of
screens was incorporated in order to remove unwanted fluctuations inside the nog
The exit velocity of the jet could be varied in the range of 5 to 60 metres/sec by
throttle valve provided at the entry of the blower. The Reynolds number (R,
the above velocities are 6000 and 72000 respectively.

A symmetric two-dimensional airfoil 2 mm thick, 20 cm long having a chord o
2cm was placed 2 cm downstream of the nozzle exit as shown in fig. 1. Thear
foil was oscillated in the vertical mode by an electromagnetic vibrator whose frequeng
could be varied from 2 HZ to 100 HZ with a maximum amplitude of 8 mm. Otk
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TWO-DIMENSIONAL JET

modes of oscillat.ions were prevented by the use of a guide. In addition the inertia of
the vibrating unit was tallored to prevent resonance below 100 HZ.

The mean velocities were measurcd using a pitot tube having a shaped nose which
nad a tolerance for yaw up to 45° and the pitot pressure was read using a sensitive
alcohol manometer. In addition to the pitot tube, a constant temperature hot-wire
anemometer was also employed to measure mean velocities : however, its use was
restricted only to the first phase of the investigation for reasons stated in the next section
The hot-wire eclement was 2mm long and fabricated using a five micron diamete:z
pt—Rh alloy wire and it was operated at an overheat ratio of 1 -80.

3. Results and discussion

In the present investigation the experiments were restricted to the measurement of
mean velocites across the jet at various locations along the x-axis. Initially both the
hot-wire and the pitot tube were employed for this purpose. It was observed that there
was quantitative agreement between the two measurements in a steady turbulent jet
(fig. 2) but there was discrepancy in the case of excited jet especially at large distances
downstream of the nozzle (fig. 3). In all the experiments the hot-wire recorded equal
or higher velocity than the pitot tube. Similar observation has been reported by
Simmons et al* in their investigation on jets using oscillating vanes. The reason for
this discrepancy even though precisely unknown could be generally attributed to the
frequency response characteristics of the instruments. Specific corrections could not
be applied to improve the results. As a conservative measure, the velocities recorded
by the pitot tube alone were used for the purpose of analysis in this investigation.
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FIG. 2. Mean velocity profiles measured with hot-wire and pitot tube in a steady jet.
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FiG. 3. Hot-wire and pitot tube measurcments in an excited jet.

[n order to examine the acceptability limit of the results using pitot tube mecasuremens

an estimate of the errors was made.

For this purpose the pitot tube was clamped

the electromagnetic exciter and placed in the centre line of the jet 2°5cm away fron
the nozzle. The pitot tube was vibrated at various frequencies and amplitudes. The
experiments were repeated for different exit velocites and the results are shows

in figs. 4a and b.

At U, of 62 m/sec the pitot readings were insensitive to frequend

whereas at lower velocities both the frequency and amplitude of oscillation had
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combined effect on the velocity measurements. It is estimated, based on the above
data, that the maximum error in the velocity measurements is about 6%
o-

The mean velocity proﬁ}es were measured downstream of the oscillating airfoil under
different conditions varying (a) the frequency, (b) the amplitude of the oscillations
and (c) the exit velocity of the jet. The experiments were classified under three cate-
gories A, B and C as follows,

Experiment A

. Measurement of mean velocity profiles along x with an exit velocity of 30-6 m/sec
and an amplitude of oscillation of 1-5 mm. The frequency of excitation was varied
in steps from O to 10, 30, 50, 70 and 90 Hertz. The Reynolds number (R,) of the
flow was about 36000.

Experiment B

Mean velocity profiles were measured at x/# = 30 with the airfoil oscillating at 30 HZ.
In this experiment the cxit velocity as well as the amplitude of oscillation were varied.
Four different exit velocities of 146, 30:6, 47-0 and 62:0 m/sec were used. The

amplitudes were 0, 1°5, 3:6 and 8 mm.

Experiment C

Mzasurement of mean velocity profiles along x were made at a higher exit velocity
of 62m/sec. The airfoil was excited at 30 HZ with amplitude of oscillation at 0,
1'5 and 4 mm. The Reynolds number (R,) of the flow was about 72000.

In all the above experiments the velocities were measured along the x-axis. Based
on the data obtained from Experiments A, B and C, the growth of the jet as well as
entrainment characteristics were estimated.

The mean velocity profiles corresponding to Experiment A are shown in figs. 5a
to g. The exit velocity was 30'6 m/sec and the amplitude was maintained con_stant
at 1'5mm (a/h = 0-075). At 10 HZ (fig. 5b) the spread of the jet was practically
the same as that of the steady case up to x/h = 40 and slight increase was observed
beyond this distance (fig. 54). As the frequency was increased the Spreafd was more
conspicuous than the steady state, with larger spread at higher frequencies. | Du»c? to
the limitations imposed by the electromagnetic exciter on the amplitude of vibration,
the experiments could not be performed beyond 90 HZ. At this highest frequency
the spread of the jet was quite appreciable (fig. 5g). The mean velocity prc{ﬁles \:vhtch
Were symmetric about the centre line at all other frequencies exhibited shght distor-

fon in this cace beyond x/h of 40.0.
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Fic. 5. Mean velocity profiles.

; G , o ies I
The investigations of Simmons ef al* are similar to those of the present Smdl‘?’ -
several aspects ; however, a direct comparison could not be madc because of il

ence in the mode of oscillation of the airfoil. Tn their set-up the airfoil was pivole

: vk LEbal WS
and subjected to a pitching mode of oscillation whereas in the present case it ¥
operated under zero lift condition.
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FiG. 5. Mean velocity profiles.

The variation of the centre line velocity (Uy) for all frequ

.to follow a general pattern as that of a steady jet (fig. 6).
J€ the results are in good agreement with those of a two-

by Colling etal’, The decay in (U,) Increases with frequency.

For the case of a steady
dimensional jet obtained

(/)
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FiG. 6. Variation of mean velocity along the centre line.

A quantitative estimate of the spread of the jet was made by determining its ha
width (d.;). The variation of J.; along x is shown in fig. 7. Initially the growhd
the jet is slow but beyond x/h = 10 it is faster. As a first approximation, the growt

of 0.; with x could be assumed to be linear. The spread of the jet also increased wit
frequency.
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FiG. 7. Growth of the jet due to frequency of excitatjon,
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Fic. 8. Similarity in mean velocity profiles.

The mean velocity profiles of Experiment A were examined for similarity by plot-
ting them in the non-dimensional form with the half width of the jet and the centre line.
velocity as length and velocity scales (figs. 8a to f). Forthe steady case the profiles
follow Goertler’s? similarity solution for a two-dimensional jet. The jets with exci-
tation also exhibit similarity ; however, they differ from that of the steady case predo-
minantly in the outer region of the flow. Based on the above observation it could be
concluded that even for an unsteady jet the mean velocity profiles could be described
with 3 unique set of velocity and length scales similar to a steady jet. However, the

elationship might be different for each case.

, The rate of mass flow increased significantly with the frequency of excitation
8g. 9). The value of entrainment ratio (Q/Qe) reached a maximum value of 5'5 at
th =30 ip Experiment A for /= 90 HZ, an increase of nearly 2'5 times whep
immfpatret:l to the case f= 10 HZ, Q and Q, are th€ volume rates of flow at any
Hation x and x = ¢ respectively and were estimated by integrating the mean velocity
Yofiles. The variation of Q/Q, with x/h follows diffcrent patterns for each exci-
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Fic. 9. Entrainment ratio with frequency of excitation.

tation frequency. For the steady jet Q/Q, increases linearly with x/h wheres!:
frequencies greater than 40 HZ there is rapid increase in the beginning, followed i

by saturation.

The experiments in series B were designed to study the spread as well as the ent:
ment at different amplitudes of excitation. An excitation frequency of 30HZw
chosen and the mean velocities were measured at x/k = 30 for exit velocities of 1¥:
30-6, 47 and 62 m/sec with the amplitude varied from O to 8 mm in discrete &

(figs. 10a-d). A larger spread as well as an increased entrainment ratio ®
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served for lower exit velocities. Both the quantities increased with the amplitude
excitation In a near linear manner except in the region where the amplitudes and
ocittes were small (figs. 11 and 12). In these experiments the quantity Q/0,
lows a definite trend for all the four exit velocities when the amplitude of oscillation
‘nondimensionalised with frequency and exit velocity (affu,), (fig. 13). Since the

‘Ove observation pertains to a single x location and frequency this trend cannot be
-sidered as universal and calls for a closer examination.
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Fic. 13. Eantrainment ratio at different exit velocities and amplitudes of excitation.

Experiment C was confined to the maximum exit velocity of 62 m/sec which cou
be obtained in this set-up. Initially the mean velocity profiles under steady conditin
(fig. 14a) as well as at 30 HZ with an amplitude of 1-5 mm were measured. Bot
the profiles were almost the same and the effect of oscillation was found to be insige
ficant. The amplitude was increased to 4 mm to observe noticeable changes (fig. 14!
As in Experiment A the width of jet (4.;) increased linearly with x (fig. 15) aftera

initial development of x = 30cm. The variation of entrainment ratio is shown
fig. 16.

[n all the three sets of Experiments A, B and C the entrainment ratio (0/0)
found to be uniquely related with the growth of the jet. Q/Q, varies linearly wil
the half width of the jet with a slope nearly equal to 0.30.

To study the dynamics of the flow in the excited jet an understanding of the behi-
viour of the large scale structures is essential. In a steady two-dimensional jet the flo¥
gets self-excited due to the large eddies that are formed near the exit region on accout
of instability?. These eddies which are orderly to begin with soon lose their ident!
and get merged with random turbulent velocity fluctuations. The excurston of the¥
eddie:s could be seen as the interface in the outer part of jet. During this motion b
flow Imparts some of its momentum to the ambient fluid resulting in entrainment o
thereby spreading of the jet. The amount of entrainment depends on the velocity 3
length s_cale as well as the orientation of the large scale structure to the flow. For®
steady jet it has been observed that the eddies are formed at a well defined ™
a Strouhal number of about 0-30 based on the width of nozzle and the exit vcloclfy'.
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Fic. 14. Mean velocity profiles for U, = 62'0 m/sec.

 In the case of an oscillating jet, certain changes in the formation of large scale turbu-
lent structures could be expected. An examination of the hot-wire signals indicated
the persistence of the forced excitation for considerable distances downstrcam (up to
15 to 20 h) whereas with the airfoil stationary no such periodicity was observed. The
interface frequency was found to be the same as that of the excitation with the natural
‘nstability mode absent. Further downstream beyond x/h = 20 these periodic oscil-
lations could not be recognised from the direct hot-wire traces ; however, they could
be identified when processed using a tuned band pass filter and the signal was an order

of magnitude weaker than the overall strength.
i . ;
Based on the above observation one could conclude that excitation modifies the large

icale motions, and hence the interface, thus having a significant bearing on the spread
ind entrainment characteristics of the jet. The rate of mixing should hence d:epend
on the amplitude and frequency of excitation and this trend could be ob§erved in the
results of the present investigation. The low strength of the filtered signal beyoqd
x/h = 20, suggests that the jet is reasonably frec of flapping motions, which occur n
luidically oscillated jets!. 1In this respect the vane excited jet might find a more

ractical application in ejector technology.

Conclusions

;a t“fﬁ-d.imensional jet was subjected to periodic oscillations by vibrating a thin sym-
,,;;'.let”c airfoil in the potental core region. The excitation accelerated the spread of the
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Fig. 15. Growth of the jet at U, = 62'0 mfsec due to amplitude of excitation.

jet with appreciable increase in entrainment. Both these quantities depend}zd unﬁf
amplitude as well as on the frequency of vibration of the airfoil. The following e

were observed in the present investigation.

(@) The width of the jet (d.;) increased linearly with distance (x) downsia
the spread being more at higher frequencies for a given amplitude of oscilt

tion of the airfoil and exit velocity.

(b) The decay of the centre line velocity was faster for an excited Jet and dep

ded on the strength of excitation,
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(c) Fora given frequency and exit velocity

the width of the jet i |
with amplitude of excitation. Jet increased linearly

(d) Larger spread of the Jet was observed at lower exit velocities : that is. to
have the same spread of the jet, stronger excitation ig required z:t higher ,exit
velocity.

(¢) The cntrainment ratio is dependent on both the frequency and amplitud
of excitation as well as on the exit velocity of the jet. e

The width of the jet (.;) and the entrainment ratio were found t
in the form Q/Q, = 0.3 9.5/A. 0 be related

Nomenclature
X — Longitudinal distance from the nozzle exit
y = Coordinate perpendicular to x-axis along the width of the jet. y = 0 at

the centre of the jet

h = Width of the nozzle

ic5 = Total width of the jet based on 0:05 U,

. = Half width of the jet based on half of U,

a = Amplitude of vibration peak to peak

R, = Reynolds number = h U,/v

u = Local mean velocity

U, = Mean velocity at the exit

Us» = Maximum mean velocity at the centre of the jet
0 = Volume rate of flow = fudy

Q. = Volume rate of flow at nexit

f = Frequency of vibration
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