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Effect of Two Inline Jets’ Temperature on The
Turbulence They Generate Within a Crossflow

Amina Radhouane, Nejla Mahjoub, Hatem Mhiri, Geerge Palec and Philippe Bournot

Abstract—Consideration is given in the present work to the
interaction of twin tandem inclined jets of variable temperature
with an oncoming crossflow. This consideration is caed out
numerically by means of the finite volume method ath is
validated by confrontation with experimental data cepicted on
the same geometric replica by means of the Particlemage
Velocimetry (PIV). The numerical model is actually dtained by
the resolution of the Navier Stokes conservation eqtion system
by means of the turbulent Reynolds Stress Model (R&). A non
uniform grid system was applied and was particulary tightened
in the vicinity of the jet nozzles in order to desgbe well the near
field mechanisms. In this paper, we intend to focusmore
precisely on the exploration of the different shearstress
components’ behavior along the whole domain. This Wigive an
overall idea about the established turbulence thas best way to
characterize well the occurring mixing process. Thelatter
acquires a primordial importance due to its presene in various
applications and its dependence in various paramet The
efficiency of the meant applications is actually maly equivalent
to that of the mixing process itself. Since in mosbf the
applications there is a constant need of higher tgperatures, we
propose here to evaluate the impact of this paramet on the
generated turbulence and then on the mixing process

Mixing process, shear stress, turbulence, twin jets, vorticity.

I. INTRODUCTION

“Jets in crossflow” is a common theme in the reafrfuid
dynamics and heat and mass transfer.
investigated in the literature but rather in theecaf single
and multiple jet configurations. The intermediatent jet

configuration was on the contrary significantly des

considered in spite of its great relevance. In ,fats
understanding is likely to predict the usefulnassselessness
of emitting further jets in the handled applicagorThe latter
are mainly industrial and academic and includerditional
chimney stack exhaust, the V/STOL aircrafts, thedtion of
fuel within combustion chambers, the film coolinigtarbine
blades, the discharge of liquid effluents throughing
systems, etc...

In the literature the double jet in crossflow cguofiation
was most of the time considered in the contexbafgarisons.
The varied parameter was either the arrangemerthef
double jets; tandem, side by side, opposite, ets..the
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It was large

number of the emitted jets by confronting the deubl
configuration to the single and/or the multiple emasWorks
that have dealt exclusively with the inclined jehfiguration
are very scarce in the literature. That of Ohamdaal. [1]
consisted in numerical investigations of two tugmtlplaner
jets in a cross flow and aimed at evaluating thgsiot of two
main parameters: the velocity ratio and the jetscing.
These parameters were determinant in the jetsitidistance
as well as on their coupling which highly affeat thixing and
diffusion processes in the interacting zone. Radhest al.
[2] devoted a similar exclusive exploration for mwinline
elliptic jets in crossflow in order to evaluate tlsame
phenomenon: the mixing and diffusion processes. tRer
matter they considered different initial streamwirsgination
emission angles and noted their consequences oeshking
heat and mass transfer taking place between tlieretit
interacting flows.

Makihataet al. [3] chose rather to compare the inline twin
jet configuration to the single one. The jets wemstted at an
inclination angle of 45°, placed following an intel ratio of
0.8 and respond to a variable injection ratio. Thaper was
based upon experimental and theoretical predictiohs
buoyant and non-buoyant jets in a uniform crossfldie
adopted finite difference method gave a satisfymglel that
allowed detailing the near field dynamics. An expental
consideration of both configurations; twin and &nppts in
rossflow; was carried out later by Ibratehal. [4] by means
Y the particle image velocimetry (PIV). This woalkmed
essentially at evaluating the impact of the infttratio on
the different jet features such as the jet trajgcioenetration
and deflection, the mass entrainment approximdiased on
the jet trajectory, the windward and leeward jetesd, the
size, location and magnitude of the reverse flogiow, the
turbulent kinetic energy, etc... which allowed to eh®& a
striking resemblance between the tandem and sifgle
evolutions.

Isaacet al. [5] carried out a larger consideration by
comparing twin jet configuration to both single andltiple
jet cases. That was carried out experimentally bsum of hot
wire anemometry on vertical jets placed at a distaof 4
nozzle diameters in a wind tunnel using a jet-tmssflow
ratio equivalent to 2. The comparison concerneckittent of
the different jets’ trajectories and the velocihdaurbulence
flow details at several cross sections. The inj@atonditions
proved to be determinant on the corresponding drajees
but had no impact ton the turbulent parameters skéres.

The latest work having dealt with different numbsr
emitted jets belongs to Maidt al. [6] that compared twin
tandem and side by side jets in crossflow to siagie triple
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normal square configurations. This comparison wasossible asymmetry of the resulting flowfield iritspof the
conducted numerically by means of direct numericalymmetry of the geometry.

simulations (DNS) where the jets responded to ¢fleviing Consideration is given to a steady, three-dimerdjon
conditions: an injection ratio of 2.5 and a Reysaldmber of incompressible and turbulent flow. The Navier stke
225, based on the free-stream quantities and theigth. conservation laws are then written as follows:

This study allowed correlating the behavior of tleveloped 3 ;Ji} .
vortical structures; mainly the counter rotatingtea pair ox (1)

(CVP) to the jet nozzles’ spacing. a( ~G [I-] _ N
The earliest comparison between different arrangésref PATI) __9p +a[ﬂ 0u -p u'i' U}}f(l)m‘/’) @

)

a double jet configuration was carried out by Zéegt al. 0Xj o5 0xj| 09X !

[7]. It has been followed by many others but thestmecent apa,T) 9 i w)oT

one is for sure that of Kolat al. [8] where it was similarly ax, _axj{ [? g‘]ale @)

guestion of tandem and side by side oriented twis jn 0(/76,- f~) ) w o w)of

crossflow. ax, :ax,{ [ <t af]ax,} (4)
In the present work, we propose to give a morensive

consideration to the twin inline jets and more joafarly to The introduction of the fluctuating functions aratiables

their double turbulent interaction: both with eathers and requires the use of a turbulent closure model. RSM

with the mainstream. Such an approach has beefetbl  (Reynolds Stress Model) second-order model wasechfos
several authors but never in the case of a dowlen] jis apjlity to model the turbulent features develdpn the
crossflow. It was for example explored by Khetral. [9]  negar field and whose exploration constitutes otinrgaal in

while tracking experimentally the evolution of agle vortex g paper. The introduction of this model leads the
generating jet within a water channel. The dataioBt by esoiution of the following equation:

three-component laser Doppler velocimetry (LDV) wkd _ -

many interesting features of the flow such as teficid of i(};@@}‘) _0 ﬂi(@j‘) _p{q'u;a“i HM}D; +G g+,
streamwise momentum in the vortex core, the thipoihthe % X x| a’&v

boundary layer on the downwash side of the vortbg, Cj DL P;

thickening of the boundary layer on the upwash,side... .

These observations were drawn mainly from plotghef Where Gis the convective term, ar@;, By, Df , G ,

turbulent kinetic energy and the tangential turbtilshear @; . & respectively, the molecular diffusion, the stress
stress distributions. The same experimental praecdias

®)

production, the turbulent diffusion, the buoyanegduction,
Cthe pressure strain and the dissipation rate oftuhaulent
kinetic energy [12].
The equations of the turbulent kinetic energy ¢d af the
dissipation rate of the kinetic energg) @ssociated with the
second-order model are defined as follows:

evaluated but under changing geometric inlet camulit of
the jet-holes. The impact of this factor appealy iorthe near
field and is reflected on the higher attained tighoe levels
and the development of the dominant vortical stmed. This
is believed to result both from flow separation & shear

layer instability inside the jet-hole. (;~ )

The shear stress distributions were also evaluageshmed d\puik) _ aK + /JtJ ak} +ip+g)-pe ©)
et al. [11] in the case of the injection of triple inline 2%  9X gy )OX,

rec;tangula}r jets in crossflow within a(_:oal—firemmer station ,;(;gj g)_ P LA 9e o }(P P )E—C *iz
boiler. This study stated the major impact of theseyved 70..)(] ox o, )ox w15\ T e 4 K ()

turbulence in enhancing the gas and fuel mixinggss.

For more information concerning the constants ohiceed

II. NUMERICAL PROCEDURE in the different equations see reference [13]
The resolution of the two last equations is quabtozite as
further nodes are needed in the near field in otdenodel
well the corresponding mixing mechanisms. To overethis

Fig. 1 represents the geometric replica to modslitas been
considered both experimentally and numerically.

.- _12/ _____ 86d . > problem, we opted for a non uniform grid systentipalarly
E flO d tightened near the jet nozzles. The discretizechtans are
_U>°° 0.005 10.005 10.03 i then solved by means of the finite volume method.
— , 1 ‘ \
s/ A ‘ lll. RESULTS ANDDISCUSSION
15 — > > x(m) L . ,
- .. D=3d The validation of the numerically elaborated modsel
/ re vV realized by confronting the calculated resultsatadiepicted
z S E! 0;600 experimentally by means of the particle image viehetry
(PIV) technique. Both the twin jets and the crassflare
Fig. 1 Scheme of the handled configuration assumed to contain air.

A Cartesian coordinate system was adopted andginor
was placed within the upstream jet nozzle to acttamthe
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Fig. 2 Confrontation of the longitudinal and vealic/elocity
distributions in the symmetry plane, within the wpam jet
location =0 mm)

Both flows were seeded: the jets with glycerin jobe$ and
the mainstream with oil droplets. This procedureved a
better track of the jets during the mixing procd3#terent
parameters were experimentally varied but the cotétion
case corresponds to an injection ratio of R=1.26¢t spacing
of D=3d and an initial jet inclination ofi=60°. The
distribution of both the longitudinal and the vedti velocity
components were plotted on the symmetry plane atidnw
the upstream jet location (fig. 2). The longitudicemponent
seems to be well reproduced along the y coordindtks
slight discrepancy detected in the vicinity of y=2®n may
originate from the transition between the first pime and
the surrounding transverse flow. A slightly weaigreement
is noted on the vertical velocity component disttibn. It
may result from a non uniformity in the jet seediegen if the
latter was regulated by a pumping system.

Table 1. Boundary conditions and fume composition

Injection Nozzles U=Vo O, V=VoSina k=10%’
To=variable ¢ =K%0.5d
u=vp, v=0 _
Crossflow T.=303.15K k=¢=0
Fume Composition| N2176.9%, CQ:20.9%, Q:1.8%, SQ0.4%

We propose at present to track the evolution staféise
turbulence generated by the different flows’ int¢i@ns. This
examination may be carried out by plotting therdistion of
the velocity components, by drawing the vorticigld or by
evaluating the shear stress components themseéheesthey
constitute together the basis of the generatediembe. Of
course, we will also and above all evaluate theaichpf the
imposed temperature gradient on their evolutiogesta

As a primer step, this paper will be dedicated dolyhe
tangentialuv' shear stress component distribution. To cover
the entire domain, we considered four charactegiziones
that were chosen in function of the jet nozzle taess. This
dividing gave rise to the following zones: the emf the
upstream and downstream jets, the mid-distancédefjdt
nozzles and finally far downstream (at x=50 mm).eTh
distribution of theuv' component presents both negative and
positive portions. The sign adopted by the plotieafiles is
likely to provide a thorough idea about the natafethe
occurring mechanisms and their location with refeecto the
different interacting flows. Globally wheav is negative,
that means that we are within the wake region agpezl
downstream of the evolving jets. It is on the cantrpositive
when we reach the top side of the jets: at thefate of the
interacting flows (Ahmedt al. [11]). Khanet al. [ 9] found
out a further condition to the possible negativaty this
feature. It consists in the crossing of the thinaed thickened
portions of the boundary layer. Otherwise, the saathorg
9] stated that the enhancement of ghestress component is
not simply due to the augmentation of the normalor vv
stress values but also and essentially to the pecesef the
vortices embedded in the boundary layer.

We propose to check these and further observatigns
paying extensive consideration of what occurs witthie
different characterizing zones one by one in theseef the
oncoming crossflow. The first location to consideincides
with the upstream jet nozzle that shields the apstrjet core.
The wake region has then not developed yet. Newiegh,

We can state then that the RSM model reproduCé\g[ostrikingfeaturesaIreadydeveIoped: theanhigivvalue is

satisfyingly the handled geometry. Now that it aidated,
our replica can even be generalized in order torcggh
better the real and large scale conditions. Fdr t&propose
to introduce a non reactive fume within the jetzleg. It is
composed as follows: 76.9%,N20.9% CQ, 18% Q and

both non null and negative; even if very weak (f&ya).
According to Ahmedkt al. [11], this non zero value might
occur due to the diffusion transport occurring le ttross
stream directions from regions of peak generation.
Concretely, this diffusion transport in spite ofrdacation

0.4% SQ. We also varied the gradient between th¥ithin the first jet core may originate from a psese

interacting flow temperatures; the mainstream’s beég
maintained constant.

gradient. This pressure gradient exists betweeretiodsing

jet and the oncoming mainstream and is particularly

These assumptions and the remaining boundaries glignificant due to the direct confrontation of bdithws. It is

summarized in the table 1. These conditions witha@ the
same for the rest of the paper. Only the injectaiio changes
and becomes R=2 for a better observation of eatheofets
before they bend and combine under the main flimfsct.

so important that it may be able to push the emig flow
within the jet nozzle and result in a significanffubsion
process.
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Fig. 3 Impact of the temperature gradient on theticad

distribution of the tangential'y' shear stress component

The second feature to note is the negative trerideafy
profile that is simply a direct consequence of diféusion
transport. In fact when emitted, the jets consitut obstacle
to the free progression of the main flow. The latsethen
blocked at the base of the rear jet column whigeeders a
significant velocity and pressure gradients. Thénrflaw is
consequently bound to accumulate, go backward dveto
aspired by the jet nozzle. Whatever the adoptecharesm, a
sensible deceleration and/or recirculation of tloavftake
place which comforts the negative trend of the drach
stress component evolution. Thre distribution accuses then
a sudden augmentation. This augmentation occurartieg
from y=4 mm and attains its maximum at y=7 mm. Titer
position coincides with the interface between tte@nstream
and the evolving rear jet: where the confrontatainthe
interacting flows attains its utmost. Plotting such
distribution in successive longitudinal positiorsslikely to
delimitate the leeward border of the emitted jet.

Herein, we have to note that the introduction efghadient
between the different flows’ temperatures affecimuly
slightly the level of the attained negative pealerdas it was
determinant for the positive one. It was even abseder the
isotherm case which shows how this parameter enéissfor
the evolving of the rear jet and its resistanceatas the
flattening effect of the crossflow. We can thenspirae that in
absence of temperature gradient, the upstreamagtaotally
flattened by the mainstream which canceled anyrfadte
between them. Once we go beyond of the interaciimg of
the rear jet and the environing flow (increasirgpgrdinates),
we reach the steady zone that did not witness any
perturbation: the uniform crossflow where no inti@n
occurred which justifies the absence of turbulgmoeluction
(the stress components are null there). The vamgsbi this
component was not affected by the temperature gnadi the
present zone whereas it will be in the followingesrdue to
the further and more significant mechanisms thagaing to
take place.

The second jet nozzle shields a behavior that shaesy
common points with the one adopted previously. €hlesnts
are even similar at the first evolution stages @sist in the
negative and then the positive portions of thetptbprofiles.
After that and starting fromL0 mm, we assist to a different
behavior that seems very dependant in the imposed
temperature parameter. It consists in a tough medthat is
deeper for the increasing temperature gradientse Th
amplitude of this decline, its origin and its extenay be
explained with reference to fig. 4. The latter esgEmts the
contours of thery shear stress component on the symmetry
plane (z=0) under the isotherm and two non isothesses:
the minimum AT=500 K) and the maximum\{=900 K). It
shows the development of a significant zone whée t
tangential shear stress is negative as soon astneéiice the
temperature gradient between the interacting floWsis
negative stress zone is actually generated byapping and
then accumulation of the flow both under the tapesnf the
downstream jet and the leeward side of the upst@am

In fact, the flow contained between the twin jerzes has
no ability to flee the injection plate and progredgth the
environing flow.
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Fig. 4 Contours of thav (m’/s’) shear stress component
on the symmetry plane under the isothesif=500 K and
AT=500 K cases

It is on the contrary constrained to remain betwten
injection plate from below and the twin jet bordén@m the
other sides (encircled in fig.4-b and c): that'sywme say that
it is trapped. Since there is a conservation ofrtioenentum
guantity, the trapped flow is bound to re-circulimigefinitely
and/or to flee laterally. It's probably both of theechanisms
that take place.

Another striking feature is to note concerning tiggative
peak. It consists in its delay as the temperatusalignt
climbs. This delay is simply due to the further ifgion of
the most heated jets which engenders a furthesiogsf the
domain. The strong turbulence zone will conseqyebd
shifted away in the longitudinal direction whiclsudts in the
shifting of its corresponding peak. The initial lination of
the jet emission is a supplementary factor thabeobs the
peak shifting. As soon as this highly turbulente@ncrossed,
a further positive peak is accused. It is less puoced than
the first one despite originating from the samengimeenon:
the interface between the rear jet and the envigpfiow. It is
however less marked due to the interaction of taastream
with the extent of the rear jet and not the jusittemh and then
still strong jet.

The temperature gradient in this location generatethe
contrary a less significant turbulence; this
understandable. In fact, the jet that is heatethéurhas
already spread within the domain and once it reathis far

position (w19 mm), it is no longer likely to generate

turbulence anymore. The weaker turbulence produoekr
the isotherm case is then likely to be preservésr lahich
delays the final vanishing of the resulting flowktulence.
Between the twin jet nozzles (fig. 3-b), the pmfif the
uv shear stress component begins directly with aifgignt
negative value. This is due to the already desdribigh

perturbation taking place due to the trapped fletween the
jet columns. If we re-consider fig. 4, we can deet 2 high
shear stress is found also near the injection ptatd
corresponds to the wake region of the upstreanT f@s. zone
is highly affected by the imposed temperature efjgis. In
fact, heating more the jets enables them to flethda the
injection plate before bending. A less significasake region
and less prominent vortices are consequently getted the

base of the jet columns. When the imposed temperatu

gradient decreases, the rear jet is on the conftaftgned
more significantly creating a more pronounced wedgon
and more embedded vortices. This observation lisatefd on
the scale of the minimum values attained by the
component at mid distance between the jet noztlssin the
vicinity of -5e-02, -3e-02 and -2e-02 respectivehder the
isotherm AT=500 K andAT=900 K cases.

Once we go out of the wake region, we get into akwe
turbulence zone which justifies the less signiftoaariations

along theuv' distribution. This zone corresponds to the steady

crossflow that remained re-circulating out of rea€hall the
boundaries: both jets’ borders and the injecticatepl The
most significant peak is attained at the vicinifyygll mm
and corresponds as previously mentioned to theniegof
the interface between the extent of the rear jet the
environing crossflow. The extent of the upstreanmyd is
still significant, that's why the range of the atted peak is
high with reference to the one attained at the dneam jet
location (0.02 Ms* here and 0.005 #s’ farther). The
temperature gradient affects in this location thenber of the
intermediate peaks that is sensibly reduced wheretis are
heated further. The attained peaks are on the amyntr
preserved longer when the temperature of the getanered
resulting in a later vanishing of the resultingwifeeld's
turbulence.

The impact of the imposed temperature gradiertvever
sensibly reduced far downstream both on the deywgavilue,
the vanishing moment and the intermediate variatidrne
latter are summed in a simple increasing with a enatd
slope. The only peak is attained at the vicinityya20 mm,
location at which develops the interface betweer th
combined jet plumes and the mainstream. The caorelpg
level is approximately similar to the one attaia¢the rear jet
wake region.

We see then that the gradient between the jetthandains
flow temperatures enables the jets to flee farfhem the
injection wall. This helps generating weaker wagions at
the base of both jet columns but on the same tégelts in a
stronger negative shear stress zone (even if lfaggered on
space) confined between the jets’ borders andrjeetion

is yeplate. Finally, since heating the jets acceleratesir

spreading within the environing crossflow; it naiily results
in an earlier vanishing of the resulting flowfieddurbulence.

IV. NOMENCLATURE

Symbol Description Unit
d Jet Nozzle Diameter m
D Nozzles' Spacing m
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f Mass Fraction No unit

g Gravitational Acceleration m/s

Gy Term of production due to kg/(m $)
buoyancy forces

k Kinetic Energy of Turbulence s’

D Center-to-Center Distance m

Py Term of production due to the kg/(m S)
mean gradients

R Velocity Ratio No unit

S Mean Strain Rate No unit

T Temperature K

U, Crossflow Velocity m/s

Vo Injection Velocity m/s

Ui, U Velocity components along the i
and j directions

u, v, w Velocity components along y, m/s
andz directions

XY, Z Cartesian Coordinates m

Greek Symbols

D Volume mass Kg/m®

B Thermal Expansion Coefficient No unit

e Dissipation Rate of the Turbulent No unit
Kinetic energy

7, Kinetic Viscosity kg/(m s)

My Turbulent (or eddy) Viscosity kg/(m s)

a Injection Angle °

dij Kronecker symbol (=1 ifi=jand  No Unit
0ifiA

Subscripts
o Conditions in Crossflow No unit
0 Exit Section of the Jet No unit
Superscripts
B Reynolds average No unit
~ Favre average No unit

V. CONCLUSION

Consideration was given in this paper to the inftie of
the temperature of two inclined inline jets on theferaction
with an oncoming uniform crossflow, the temperatafé¢he

latter being kept constant. In an aim to evalulaeinpact of

the temperature on the whole mixing process, wpgsed to

track the particular evolution of ther tangential shear stress

component along the domain. This consideration mvade
possible thanks to the modeling of the handled gdgnby
means of the finite volume method together with R&MV
second order turbulent model.

(7]
(8]

[9]

[10]

[11]

[12]

[13]

The conclusions drawn from the present study are

summarized in the following key notes:

« The augmentation of the temperature gradient esable
them to cross deeper vertically the domain before

tilting under the flattening effect of the crossilo

* The most heated jets generate weaker wake regtons a
the base of both jet columns but a stronger codfine

turbulence zone.

* The augmentation of the temperature gradient eregend
an earlier vanishing of the resulting flowfield's

turbulence.
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