[nst, Sci., 64 (A): Oct., 1983, Pp. 203-218

j Ipdian yte of Science, Printed in India,

experimental investigation of the internal flow in an ejector with
gapexcited primary Jet

A. BADRI NARAYANAN anD KAMAL PODDAR

M. of Aerospace Engineering, Indian Institute of Science, Bangalore 560 012, India,

Department

Abstract

The internal flow 10 2 two-dimensional ejector was investigated with the main jet subjected to excitation
by an wcillating flap located just downstream of the jet exit, Mean velocity profiles measured in the

cstant area Mixing duct indicated aprreciable increase in mixing due to excitation. However,
seitation had only a minor effect on induced mass flow. The performance of the ejector was
amined with 2 two-dimensional diffuser attached to the constant area mixing duct in two different
nodes. namely divergence perpendicular and parallel to the nozzle of the jet. The rate of induced
z flow was maximum at @ = 8° for vertical diffuser and at } = 12° for horizontal diffuser. By

egnenting the primary jet into a multi-jet configuration it was possible to increase the entrainment
a0 by 407%.

ks words :  Propulsion, fluid dynamics, aerodynamics.

L Iutroduction

[“‘h_e past decade attempts were being made to improve the thrust of an cjector so
%tit could be employed for practical applications. Using the simple momentum
m:gi} uca;: shovlv that the 'thrust augmentaiion depends on the inlet orea ratio (a)
- 'etr ﬂﬂf e(0). Itis assumed in the above analysis that the mixing between
iﬂlegratedw wgth and the secondary flow is complete!. However, in practice, when 1t is
g of (e mj:in aircraft, the size of the ejefstor is s_everely- restrlcted.. Often the
bffmployed = d:rgi dlultlt has to be short and in addmon_a W{de angle d.lf.’['user has to

Minary jg o ‘vt’fl the maximum bepeﬁt. In su'ch a situation, tl'{e mixing betwcen
; e secondary flow is only partial and the flow in the wide angle

Prone to separation which is detrimental to the performance of the ejector.

T aboy
e ; ; - ;
dion by ief‘_cCt§ could be overcome by increasing mixing and controlling flow
P ot 'etr ificial means. It has been observed that the mixing characteris*ics
J€t could be considerably increased by introducing controlled disturbances
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Vertico! diffuser
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( not 1o scaie)

Fic. 1. Experimental set-up.

in the flow. Pulsating the main incoming flow of a free jet in a periodic fashion or by
introducing small oscillations near the exit of the jet, the flow in the jet could be excited;

resulting in a spectacular spread of the jet followed by a large entrainment of the fiud
from the surroundings?®.3.

It is natural to expect that the use of any of the above methods in an ejector sysien
should enhance mixing and entrainment resulting in greater thrust augmentation. Bu
experiments carried out in such a set-up did not yield favourable results4:®. The reason
for this behaviour is yet to be understood. It is conjectured that the enclosure

1 1 1 3 L . 1 {4
of the jet in the ejector shroud modifies the turbulent mixing pattern in such 2 Tt
that additional entrainment is not possible.

- - ] - - - . i ' ' nin an

The aim of the present investigation is to examine the flow In the mixing r_ezlf; e

ejector system with and without the excitation. Even though the €Xp erlrl;_lles the
preliminary in nature and restricted to the measurement of mean velocity Pf

results do throw some light on the basic features of the flow.

2. Experimental set-up .

. | resen
An ejector of rectangular cross-section was designed and fabricated for th;;kc i
investigation (fig. 1). The ejector consists of a 60 X 30cm !:ecmnglflar- petweel
which is attached a 20 X 30 cm constant area duct with a converging ate
Downstream of the constant area duct, provision was made 10 '"?orpos in e
dimensional diffuser in the horizontal or vertical position. The flow d;ﬂ'u_sc 7 4ine
tion in the vertical configuration whereas in the horizontal mode it SPTead
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gle of the diffuser (0) could be varied from 0 to 20° for both the diffusers.

. Thean o : ; :
tion- mixing duct was made In three sections so that its length could be

constant area
saried in SIEP>-
jet which was placed in the converging section of the ejector was 30 cm

- :
The P;lﬂ;_(’;ycm wide at the exit and was attached to a 10 cm diameter and 30 cm
jong a1 Gical settling chamber through a converging nozzle. Dry air was supplied

lind . :
m[gh:Ysystt‘ o from a large reservoir of nearly 15 cubic meter capacity through a
10

Jiameter pipe through a control valve. A precision Bourdon pressure gauge
e re the total pressure (P,) in the settling chamber.

q velocity profiles in the mixing duct as well as near the exit region of the
e estimated from the pressures measured using pitot rakes. A multi-tube
ater manometer Was used t.o measure these pressures. Stati_c pressure holes (1 mm
dia) were drilled along _thc dlﬂ’use'r and the mixing du'ct at suitable locations. In the
atry section, the velocity of the induced flow was estimated from the static pressures
sasured alfalong the periphery ata dlst?,nce of (?0 cm from the entry. It was obseryed
wat the velocity in this section was uniform within 27;.

The mea
diffuser wer

The excitation of the jet was produced by the self-induced oscillations of a thin
berised fabric fixed near the exit of the jet. This device oscillated in a two-
imensional flapping mode. The amplitude as well as the frequency of oscillations
ould be varied by changing the length of the flap. In the present experiments, the
mplitude and frequency of the oscillations were 4 mm and 60 Hz respectively.

} Results and discussion
31 Effect of blowing pressure on entrainment

Ibe induced rate of mass flow (m,) was measured for different blowing pressures (P,)
.2). Up to 0-15 kg/em? gauge m, increased nonlinearly and beyond this value
lievariation of 1, was linear with P,. In all the latter experiments P, was maintained
2 constant value of 0-211 kg/cm? gauge which lies just above the nonlinear range.

Fp 2. Variation of induced mass flow rate
with primary nozzle pressure,
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This value was chosen to obtain maximum operating time for the e

. : L Xper;
single reservoir charge but at the same time avoiding the nonlinear PeTimep,

Tegime, hat
3.2 Flow in the ejector with vertical diffuser

The mean velocity profiles in the mixing duct of 107 cm long (know 25}
hereafter) with vertical diffuser were made at five different
50, 66, 90 and 120 cm with and without the excitation of the Primary jet. Tp..
experiments were made with a diffuser angle (0) of 7° which is optimym for 1:;
configuration (fig. 6). A comparison of the mean velocity profiles clearly indm:
that excitation does affect the flow in a significant manner (figs. 34 to 6. The
velocity distribution which is highly non-uniform across the duct with a steady jet pas
become almost uniform with excitation. This shows that there is a considers},
increase in mixing in the latter case. The width of the jet (J4.5) based on haif the
maximum velocity at a given station, is more in the case of excitation (fig. 16) whigy
further supports the above view. Under the above condition one would naturaly
expect an enhancement in induced rate of mass flow but the experiments do not indicate

: ong du
stations namely, x ,_2?
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any such trend. Similar result was observed earlier by Badri Narayanap
An estimate of the total mass flow rate (mg) across the duyct based o, h
mean velocity profiles indicates that the mass flow is same in both the cases e: Measyreq
the velocity distributions are quite different (fig. 17). This result furthe, C{m;l,:-;]hnugh
there is no net increase in the rate of mass flow in the system due to the exc: rs.thal
however, there is a local redistribution with a reduction in the centra] sviss ‘;a;ilen‘;
compensated by an increase 1n the outer region. » Wiich is

1 Raghy,

An estimate of the momentum distribution also exhibits a similar trend. F,
the distribution of momentum across the duct at x = 28 cm is shown ip fig. 13. The
total momentum (M) remains almost constant along the length of the Mixing duct for
both the steady and the excited jet (fig. 15). This means that the flow under excited
condition transfers momentum across the duct in the y direction alone and not in the
direction of the flow. In the case of the excited jet there is a slight reductiop iy M a
the flow moves downstream but this could not be ascertained considering the erors
involved in making measurements in an oscillating flow. A comparison of momentum
distribution with and without excitation at x = 28 cm shows that there is a decrease
in momentum in the central region between y = — 3 and 3 cm and this los is
compensated by the gain in the ouler region (fig. 14).

T €Xample,

n —————— |
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Fig. 5 a and 4. Mean velocity profiles in the short constant area mixing duc
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nce mechanism involved in an ejector flow is not quite clear; however,
different from that of a free jet. In the case of a free jel, excitation in
aner considerably increases ﬂf)t only the spread of the jet but also the
of the fluid from the surroundings.  Excitation of the jet in an ejector

doubt increases mixing; however, it is unable to induce more flow.

jon noO ’ : .
ofigy : for this behaviour 1s to be examined.

mrbu [e
o be

cesult suggests that in order to in@uce more mass flow the turbulent mixing
1d be suitably orient(;‘-d ; othermse_:, only local redistribution will be the

olt. In the case of an ordinary steady jet the entrainment is due to the large
md:zrganised structure which scours 'the §unound1ng fluid in a near periodic fashion.
;lm oxcited externally, thf: input oscillations are advantageously made use of by the
. nost probably, by formn_m g large scale org_amsed structu}“es which induce more fluid
cam the surroundings. 'Th-ls‘ could be _conmdered as a kind of pumping action in
riodic fashion, the periodicity depending on the input frequency.

The above
Pallﬂl'ﬂ shou

When the jet is confined in a duct the entrainment is affected by the area ratio
wween the jet exit and the shroud. Simple momentum theory is able to explain this
q b assumption that the mixing between the primary ¢ nd secondary flowsis completel.
u this approach, the mechanism of turbulence is not explicitly considered; however,
risassumed that at the end of the duct the mean velocity is uniform due to complete
iﬂi}jng. In actual practice, the profile at the exit of the mixing duct is hardlv uniform
it to the limited length of the duct (fig. 3 €) and this results in lesser induced mass
jw. But whan the jet is excited, the mean velocity profile becomes ne€arly uniform

FIG. 6. Variation of entrainment ratio with
diffuser angle with and without excitation.
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and one would expect, under such conditions, greater induced mass f
mental results indicating a tcend contrary to this expectation calls fof e The expey;
of the boundary conditions assumed in the momentum balance appmaa]r: €Xxamj
<tanding of the dynamics of the flow will be highly beneficial for thisc + An upge,
conjectured that there will be appreciable modification in the structyre ofpurpose. It i
eddies in the above situation. the lar

ﬂaliﬂn

8E scale

Mean velocity profiles in the short mixing duct (26 cm) with the vertical dif
made at two stations—namely, x = 28 and 50 cm with and without excitatjon USer were
indicate the same trend as that of the long duct. Excitation increased the ;31Rﬁuhj
by small amount from 3°8 to 4°1 (fig. 6) on account of the improvement in the ]:liﬂ{}fus:

flow.

The mean velocity profiles at Z = 0 in the y direction, at the exit of the vertical diff
with the long mixing duct, were measured for various values of diffuser anﬂier
namely, 8 =0, 2, 4, 6, 8, 10 and 12°. Results (figs. 4 @ to g) indicate that the ﬂgn:
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y direction at the exit of the horizontal diffuser. z direction at the exit of the borz
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Fi1G. 10. Various modes of segmentation of the
primary jet. '

diffuses uniformly up to 6 = 6°. Beyond 0 = 6° the flow tends to deviate towards
on¢ of the side walls even though great care was taken 'to align the main jet along the
center line. Even though the flow tends to deviate towards one of the side walls of the
diffuser, no reverse flow was observed up to 6 = 10° (fig. 4f). At 0 = 12°, the flow
in the diffuser gets attached completely to one of the walls and there was reverse flow
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Fic. 11. Effect of exit area of the jet on the
entrainment ratio with vertical diffuser.
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ng and the short ducts show a decrea§e in m beyond 0 = 7° ; however,

L pronounced for the sl:'lort duct. Flow visualization indicated that flow in
it 18 {nof with the short duct 1s more sensilive to separation. Excitation delayed
1" dlﬁ}lserof the above diffuser flow restoring the induced mass flow rate to that of the

p to § = 14°. Beyond this angle the Separation was a|Way5 present IESIIlting
nsteadiness in the flow. :

goth the lo

o4 Effect of multi-jet configuration in the ejector flow

the nozzle of the two-dimensional jet was segmented into a multi-jet configuration by
dosing uniformly s shown in fig. 10. Five different jet configurations were used in
1o experiments with open area ratio (4) of 10, 095, 0-87, 0°76 and 0-48. These
experiments Were c?nducted at a ﬁxed b}owmg pressure (P,) of 0-211 kg/cm? gauge
using both the horizontal and vertical d]ﬁ'U:SﬁTS In conjunction with the 107-cm long
«opstant area duct. The results are shov'm In figs. 11 and 12. For both the diffusers
egtrainment ratio (M) increased as the exit area of the nozzle was reduced. In all the
ases it was observed that the induced rate of mass flow remained almost constant :
wowever, the mass flow rate of the primary jet decreased resulting in an increase in, 7.

For the vertical diffuser the maximum in m occurred for @ = 8° as observed earlier
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without excitotion
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Fig. 15. Variation of total momentum per unit FiG. 16. Spread of the jet with and withouyt
span along x with and without excitation. excitation.

whereas for the horizontal diffuser the mass flow increased with @ up to 8 = 14°, Ty
variation of /i with A4, is nearly linear in all the cases except around 4, = 1'0, Exciz-
tion had negligible effect on m even for the multi-jet configurations.

The above results suggest that the mode of mixing with a multi-jet configuration is
more effective than that by flap excitation. Hence, in an ejector, it 1s essential not only
to enhance mixing but also to control mode of mixing to increase the efficiency. Ina
multi-jet configuration, the introduction of additional shear produces large eddies which
seem to be oriented in such a way as to induce flow from the surroundings n:hmas
mixing due to excitation by a vibrating flap is locally confined. Further st}ld!es are
required to understand the details of the mixing process by different mechanisms.
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4. Conclusions o
. " " . ; . ; xciled 28
Experiments were carried out in a two-dimensional ejector with @ flap €
~jet. The following are the main conclusions : . duﬂ-'d

- ». ' . : ect 08
(@) Excitation enhances mixing in the ejector flow ; however, 1S eff

mass flow is negligible.
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n the diffuser is more stable with the long duct then the short one - how-

ow i : :
0 ; ﬂexcitation restores this defect in the case of the latter.
Vel . . " .
B‘ﬁ'usion of flow parallel to the jetnozzleis more effective than in the perpendicular
L
(0 girection: _ _ , o N
mentation of a single two-d_lmenswnal Jet into a multi-jet configuration seems
) chincrcasc the entrainment ratio.
10
wmdaﬂﬂ'e
cross-sectional area of the mixing duct
:’ Diffuser exit area
: Jet exit arca
2] o . .
JJ}_ Ratio of area of the mixing duct to the exit area of the diffuser
Ag
i Ratio of open area of the jet nozzle with partition to the open area of the jet

nozzle without partition
A [glet area ratio

r Momentum (p U?)
i Average value of the momentum across the jet at a given station

n,  Total mass flow rate
n  Induced rate of mass flow
x ~ Rate of mass flow of the primary jet

r=— Fntrainment ratio

4 Blowing pressure

[ Mean velocity

X Co-ordipate in the direction of the flow ; x = 0 at the exit of the jet

,! Co-ordinate perpendicular to x axis in the vertical direction ; y = 0 along
the central line of the ejector

L Co-ordinate perpendicular to x axis in the horizontal direction ; Z = 0 along
the central line of the ejector

! Density

ly Half width of the jet based on half the maximum velocity at a given station

Half angle of the diffuser

h&w
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