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MU]:TIPLE SUBSONIC JET SYSTEM IN THE PRESENCE OF CROSS FLOW

V. HENDRIKSON (TALLINN)

i The series of three parallel subsonic turbulent jets is'su-ing from circular nozzles into the cross

flow was studied experimentally, Main characteristics of flow were found to be functions of the
ratic of jet to siream momentum, the distance between the nozzles and the mode .of orientation
of series. Results of study at various flow conditions are presented.

MNOMENCLATURE

x coordinate parallel to the main stream direction,
¥ coordinate in the jet direction at the outlet of nozzle,
z coordinate normal to xy plane, '
v, velocity of jet at the outlet of nozzle,
w  velocity of the main stream,
T, temperature of jet at the outlet of nozzle,
Tw temperature of the main stream,
AT, excess temperature of jet at the outlet of nozzle,
AT excess temperature in cross-section of the jet,
AT, excess of the maximum temperature in a cross-section of jet,
- D, nozzle diameter,
D, equivalent diameter of series of nozzles,
D¥* equivalent diameter of series of fet in arbitrary cross-section,
8§ distance between the nozzles,
I complex parameter T, vo/T, w?

The behaviour of series of jets issuing at right angle into the stream is of interest
for solution of many practical problems such as dispersion of effluents from chimney
stacks, intensification of mixing processes in combustion chambers and chemical
reactors VTOL aircraft, etc. Only few results have been reported in this field. Main
bulk of information concerns single jet in the cross flow. Jet serics were usually
studied for chamber conditions [I—4] and results are of little use to understand
physics of flow because of significant influence of walls.

In present study the system of three parallel subsonic jets discharging into the
free cross flow was examined-.experimentally. Two modes of orientation of system
were considered: a) sefies of nozzles with common axis normal to the direction
of the main stream and b) series of nozzles with commeon axis parallel to the main
stream, Geometry of the flow is presented in Fig. 1.

Experiments were carried out in low speed wind tunnel. The cross section of
working part of tunnel was 100 mm high by 900 mm wide and the length was




574 V. HENDRIKSON

1000 mm. Jets were introduced through a 17 mm~diam. pipes with typical power shape
profile of jet at the exit. Pipes were mounted on the plate and protruded 100 mm
into the stream to eliminate the influence of boundary layer of the tunnel. Distance
between the nozzles S/D, and initial

jet to stream momentum ratio 7 va- v
ried in experiments taking values:
S/Dy=2, 3, 5 and /=4, 16, 64. 4
Value I=c0 corresponds to stagnant e 7—
environment. Because of great num- : e

ber of experimental points needed s
to cover flow area only detailed _
measurements of temperature at f -
successive cross sections of flow !

were performed. Exess temperature VA
at the orifice was A4T,=60°C. The

flow was studied up to distances -
30 D, downstream.

Specific features of the flow can
be illustrated by Figs. 2, 3, where
temperature profiles at different
cross sections for various flow con-
ditions {(S/Dy=3) are presented.
Evolution of flow field produced by series of jets in quiescent environment, present-
ed in Fig. 2a is of quite regular nature. The shape of isolines is undertaking
transformation from isolated circles to single ellipse nad later to single circle. The
process is a result of successive redistribution of shear stresses taking place when
turbulent mixing zones of separate jets are merging. The only parameter is important
here — S/D, which determines the distance where actual interaction starts. Detailed
study of such flow was performed by ALEXANDER et al. [6].
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Imposition of the cross flow makes flow picture significantly more complicated.
Now, the flow pattern depends not only on value of S/D, but also in value of I
and mode of orientation of series. Profiles for normal orientation are presented in
Figs. 2b, ¢ and for parallel orientation in Figs. 3a, b. In both cases I has values I=
=4.64, It is obvious from Figs. 2b, c that evolution of profiles is different for differ—
ent values of /. General regularities remind these of a single jet in the cross wind
[5]: conservative shape of cross sections without noticeable deformation at low
values of 7 and typical kidney shape of cross sections with lateral maxima caused
by secondary vortex flow at high values of I. No such difference can be observed
in Figs. 3a, b for parallel orientation of series. Temperature profiles at /=4 as well
as at £==64 are almost of regular circular shape,

Spreading of jet series and decay of axial temperature presented in Figs, 4,
5 permit to draw some quantifative conclusions about the flow. Spread of the jets
was determined as change of the diameter of some equivalent round jet which can
be calculated [5] as

, I/F
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where F is the area enclosed by isotherm AT'=0,1 4T,. In Fig. 4 D* is ploited as
a function of p. In such representation the spread of series of jets may be aproxi-
mated as well as for a single jet in the cross wind by linear function with various
angle coefficients,

There are two possible ways of plotting the results for series of jets: a) all dimen-
stons are non-diemnsionalized with respect to nozzle diameter Dy, b) alt dimensions
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are non-dimensionalized with respect to equivalent diameter of llueu 1107z¥es Dy.
Last way is more justified for merging flows. Dy is determined as

(2) - Dy=1,73 D0
Both 1epmsenht|ons are shown in Figs., 4-6.
As it can be seén from Fig. 4 the rate of spread of nor mdly oriented series (solid

Ime‘;) is higher than of parallel series (das} hed lines). For the same mode of orienta-
tion the rate of spread is higher for lower vatues of 7.and higher values of §/D,
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although for parallel orientation dependence on S/Dg is rather weak, For normal
orientation the rate of spread of system is higher than of single jet in boﬂfrep]-egew
tations: (D¥/Dg, y/Dq) and (D*/Dy, y/D;). Parallel system spreads at almost the
same rate and for some regimes even lower than single jef.

Decay of axial temperature is presented i Fig. 5. The axis of flow was deﬁned
as a locus of maximum temperaiures in cross sections. Regularities of decay are
in accordance with data on spreading of jets. Curves of decay in Fig. 5 are dispersed
correspondingly to values of £ and S/D,. The higher is £ and smaller S/, the slower
is decay. Decay of temperature of normal system is significantly meove rapid than

- of paralle] system, Curves of decay for normal system are close o the curve of single
jet in (AT, /ATy; y[Dy) representation but when (AT, /ATy, yiDy) is used decay
of temperalure of system is more rapid. Decay of temperature of parallel system
in (AT, /ATy, y/Dy) representation is slower than of single jet and in (AT, /4T,
»/Dy) coordinates the curves are rather close.

Data on spreading and decay of axial temperature of series of jets show that
i different regimes the rate of turbulent mixing is various. It results in different
penelrations of jets.

Rozprawy Inzynierskie — 14
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Trajectories of jets are presented in Fig. 6. Tt is possible to see from graph that
qualitative dependence on parameter [ is the same as for a single jet. There is differ-
ence between the shapes of trajectories of single jet and series of jets. Developement
of single jet is more homogencous. As for series of jets their regularities are different
before and after merging point. Penctration abilities of system after merging of jets
increase significantly. Penctration of parallel system is deeper than of normal system
and for some regimes deeper than of a single jet. Increasing of S/D reduces pene-
tration for all regimes.

Presented results show that, when a series of jet are issued into the cross wind,
most favorable conditions for delaying mixing process and getting maximum pe-
netration would be parallel orientation of the series with short distance between
the jets. Vice versa, for acheaving maximum mixing rate, normal orientation with
sufficient distance between the jets will be the best.
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STRESZCZENIE
e
UKEAD KILKU STRUMIENI PODDZWIEKOWYCH W PRZEPLYWIE KRZYZOWYM

Zbadano do$wiadczaloie szereg zlozony z trzech rownolegltych poddZwickowych burzliwycls
strumieni wyplywajacych 7 dysz kolowych i wechodzacych w przeplyw krzyzowsy. Wykazano, ie
glowne charakterystyki przeplywu sa funkcjami stosunku strumienia do momentu strumienia,
odiegtodci miedzy dyszami 1 sposobu orientacji szeregu. Przedstawiono wyniki badad dla réznych
warunkow przeplywu. :

PezmoMe

CHCTEMA HECKOJBKUX JTO3BYKOBEIX CIPVIL B TIOUEPEYHOM ITOTOKE

Pz 3 Tpex MAPAJUIENBHBIX NO3BYKOBRIX TyPOYREHTHEIX CTPYH, HCTISKAIOMHX ¥3 KPYIMHIX
COTieST B MOOEPEYHEI TOTOK, OR1 M3yueH SKCOSPHMERTANRHO, (OCHOBHLIC XAPAKTEPHCTHEM IOTOKA
OKA3a/IACh SARHCAIUMMM OT OTHOIIEHHS HMOYIRCA CTPYH K TMOTOKY, PACCTORHNA MEXIy COMIaMK
H THOA OPHCHTAIEH DAda. lIpHBOmATCH PE3yNBTATEL HCCHEJOBATAS IPY PA3IMMHEIX YCIIOBHAX
TEUSHHA,
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