Int. Symp. on Convective Heat and Mass Transfer in Sustainable Energy
April 26 — May 1, 2009, Tunisia

IMPACT OF THE TEMPERATURE GRADIENT BETWEEN TWIN INC LINED JETS AND
AN ONCMOING CROSSFLOW ON THEIR RESULTING HEAT TRANS FER

Amina Radhouarle, Nejla Mahjoub, Hatem Mhirt, George Le Palé@nd Philippe Bourndt
! Unité de thermique et de thermodynamique des péscindustriels
Ecole Nationale d’Ingénieurs de Monastir, Routé®dardanine, 5000 Monastir, Tunisie
2 JUSTI, UMR 6595, Technopdle Chateau-Gombert, 5Engco Fermi
13013 Marseille, Cedex 20, France
(' Corresponding author: radhouane_amina@yahoo.fr)

ABSTRACT. This paper deals with the interaction of twirtlined jets in crossflow. The
consideration of this particular configuration isgoeat interest due to its wide presence in variou
domains and applications and to its dependence anynparameters. These parameters may be
geometric like the jets’ height, the jet nozzlesparating distance, the jet nozzles, exit secatm,. It
may also be based upon one of the reigning fealike¢he velocity ratio, the temperature gradient,
etc...the gradient between the jets and the crosséawperatures is precisely the parameter we intend
to handle in the present work due to its greatveelee in several environmental concerns and in
technical constraints as well. The evaluation ¢ garameter will be carried out numerically on the
temperature distribution itself. This evaluation likely to give a thorough idea about the
cooling/heating process resulted from the jetsérenttion with the oncoming crossflow. Such an
understanding is likely to give viable solutionspimblems raised by this configuration like thedaci
rain engendered by too hot fumes or the deter@mraif the combustors’ walls by too high temperature
jets, etc...

The numerically simulated model is based on thelugen of the Navier-Stokes equations by means
of the finite volume method and the RSM second rotdebulent model and is validated by
confrontation to experimental data depicted orstimae geometric replica.

INTRODUCTION

“Twin jets in crossflow” is a common configuratigeresent in various industrial and academic
domains. The number of applications where we firid in constant increase and the chimney stack
exhaust is for sure the most familiar one. Nevégtis further typical engineering applications make
reference to this configuration like the aerodyranaf VSTOL aircrafts and the jet steering systems,
the combustion and chemical chamber mixing, etc...

In the literature, the interest was rather paidingle and multiple jets in crossflow but too fevwrks
were dedicated to the intermediate twin jets’ agunfation. Its well understanding is on the contrary
very important in the way it expresses the tramsibetween both of them with all it contains inrsr

of newly developed features or in the contraryisppearing ones. Ziegler et al.[1970] are pioieer
the domain as they considered the question sircedty seventies (1970) by examining a double jet
emitted normally in both tandem and side by sidargements towards the mainstream. This primer
work was based upon a physical model that was atelidafter confrontation to experimental data
relative to two jets injected normal and at 60%h® cross flow. It was shown through this work the
effect of each of the jets on each others as vgetha higher deflection of the upstream jet by the
mainstream; the deflection process being actuallgimated from both the entrainment of the
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mainstream fluid and of the pressure forces aatinghe boundary of each jet. Di Micco et al.
[1990(a)] adopted the same procedure as they assidwin jets in crossflow in both arrangements:
tandem and side by side. This work was experimessalt was carried out by means of flow
visualizations and aimed at examining the progoesand mixing processes under the variation of the
jet nozzles’ spacing and the momentum flux ratioal@ative information was drawn from these
observations like the penetration of both jets gratred to be low under the reduction of both ef th
tested parameters. When they increase, the peoetadtthe jet structures on the contrary grew and
reached approximately 5 percent of the singlegsecA second part of this work allowed Di Micco et
al. [1990(b)] to test the influence of a furthergraeter: the jets spacing to diameter ratio thaged
from 2.7 to 12.1. This influence was tested ondépth penetration of the jets that was proved to me
non significant under a variable angular orientatith was also tested on the type of interference
between the interacting flows since the latter pbio constructive under the lowest spacing and bot
constructive and destructive for all the remainimnglues always under a variable angular oriemtatio
The most recent work dealing similarly with therjet in crossflow configuration is that of Kolar e
al. [2006] as it experimentally considered the samangements. Attention is however exclusively
dedicated to laterally oriented jets. This worlagsually an extension of previous results relative
single jet configuration and aim essentially to lex the vorticity distribution and the overall
circulation associated with the dominant vortidal&ure of the handled double jet configuration.
These features proved to be globally similar tovile#-known contrarotating vortex pair of the siegl
jet in crossflow.

Further authors chose to consider the twin jetsassflow by comparing its behavior to the single |
case. Such a procedure was initiated by Moore.dfL885] and aimed precisely to examining the
interaction between engine exhaust jets and thestiream due to their great relevance on the
aerodynamic and stability characteristics of VTQtcrafts during the transition from hover to
forward flight. The meant interactions are actuafiyestigated by testing the influence of a non
uniform velocity profiles on the surface pressuiistribution due to their close relationship.
Different injection ratios were also tested whidlowsed concluding that a non uniform jet with a
high velocity periphery and a low velocity core lzahkigher effective velocity ratio than a uniform
jet with the same mass flow. An experimental exatiom carried by Toy et al. [1992] established a
similar rapprochement between the twin and singlemal jets in crossflow by focusing on the
interface region interactions. Smoke flow visudimas and a quantitative video digital imaging
were combined to obtain the needed measuremerasvedy to both inline and side by side
arrangements. The obtained data demonstratedrtirsy of the growth rates in the downstream
direction of both the mixing region and the hal@di (defined by the mean interface location). A
further spectral examination of the lateral flu¢tolas of the interface in each downstream plane
across the jets showed the transfer in almosiaak< of the energy from lower to higher frequencies
with increasing distances from the wall. Kolar et[2007] paid recently a similar attention to the
interactions between tandem and side by side ®@imip crossflow in order to detail the resulting
mixing and dispersion processes. A particular ersigh&as however put on the new velocity-field
analysis based on kinematic decomposition techsigunel a particular attention was dedicated to
the large-scale vortical structures as well ashe background turbulence. This work could
essentially delimitate the similarities and diffeces between the dominant mean-flow vortical
features, vorticity and circulation associated vagtmsidered arrangements, establish a comparison
with the single jet case and finally discuss sornspatsion aspects that were reflected through the
concentration measurements of the differently aedrtwin buoyant stack plumes.

Other researchers chose to compare the doublectfiguration rather to both the single and the
multiple jets in crossflow configurations. The fit® having done this are Ziegler et al. [1973].
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Procedures were developed for the matter and gmadide a good characterization of the jets’
progression among the crossflow by means of thecitgl stratification. Jets with three different
types of exit velocity stratification have been siolered, namely: jets with a relatively high vetgci
core, jets with a relatively low velocity core ajgds originating from a vaned nozzle. They even
were tested in different arrangements: tandem, bidside and not aligned. In each case, the
equations were checked and suited to the configaraind confrontation was established between
the test data and the computed results. The maat of this examination is the characterization of
the jets’ interference effects in addition to thet plockage effects. A more extended work
conducted by Xiao [1992] concerned single, doubld &iple jets in a confined crossflow with
constant boundary conditions for the jets and thet dlow. In the double and triple jets system, the
centre-to-centre distances between the jets wé&® ®. and 0.20 m respectively. The blockage
effect and the recirculation of the mainstream wetmd to be weaker for a system with a larger jet
spacing and stronger for a system with a higherbmimof jets. Measurements of the jet velocity
along the jet centerline of the multiple jet systemre obtained, and the decay in the velocity ef th
upstream jet was found to be more rapid comparddeaownstream jet in the tandem array. The
latest work that followed this extended comparigamthe twin jet configuration to the single and
multiple jet cases was numerically carried out bgidilet al. [2008] but on jets with a square exit
section issuing normally. Here too single, doulnld &iple jets configurations were considered for a
jet to cross-flow velocity ratio of 2.5 and a Relgwnumber of 225, based on the free-stream
quantities and the jet width. The main resultshid study consist in the strong dependence on the
jet-to-jet edge distance of the merging processtiva to two counter-rotating vortex pairs (CRVP)
developed in the twin jets’ configurations.

We see then that too little work was dedicated wesieely to the tandem jets in crossflow. Two
scarce papers were however found in the literatire first was carried out numerically by
Ohanian et al. [2001] and handled two planer jetden a variable injection ratio and a variable jet
spacing. They authors could mainly show the vangsloif the jets’ coupling for the highest spacing
(3 diameters) and the augmentation of the throtadce in the crossflow beyond the wall boundary
layer thickness before finally tilting under thehet spacing conditions and a rising exhaust
momentum of the downstream jet above the free retraad upstream jet velocities. The second
twin inline jets in crossflow examination was perm@ed by Radhouane et al. [2009] under a
variable initial streamwise inclination angle arehded to examine the heat and mass transfer
generated by the different flows’ interaction. Werddce from the above-mentioned references that
too little work was dedicated to the temperatuigriiution in spite of the great relevance of the
question especially under the incessant need fterkefficiencies in most of the already mentioned
applications. The need for increasing temperatisebowever confronted with several serious
drawbacks. In fact, in many of them, we are limibgdtechnical constraints like the melting of the
handled chambers’ material. We may also be limitg@nvironmental regulations as the ejection of
too much heated jets in the atmosphere may engeauérrain or produce harmful molecular
combinations especially in the case of industgattive fumes. To be able to provide viable sohgio
to such problems we propose to study preciselyntipact of the variation of the gradient between the
jets and the oncoming crossflow’s temperaturess Tiipact will be explored mainly on the
distribution of the temperature itself due to extety high importance of this feature. For the nratte
we propose to describe the experimental side sfghidy that will provide us with reference for the
validation of the numerical model. Then, we willptore numerically the temperature vertically as
well as laterally in order to get a thorough id&®w its three dimensional progression along the
considered domain.
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EXPERIMENTAL SET-UP
As announced before, experimental measurementsareed pout on a geometric replica. Its

dimensions, the location of the jets nozzles, thentation of the different present flows and the
corresponding details are represented in figure316.
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Figure 1. Geometry of the handled configuration

It is clear in the figure that the jets originatiedm cylindrical pipes finally result in ellipticross
section nozzles due to their razing at the levehefwind tunnel ground. We consequently diameters
equal to d and d/sinrespectively in the lateral and longitudinal direes. Both jets and the crossflow
are fed with air and the jets are first treatedthisonally. For the need of the particle image
velocimetry (PIV) technique and the images captutime jets were seeded with glycerin particles
whose diameter is approximately equivalent to 1 {ilme seeding density is approximately 30
particles per ml of pure jet fluid). As to the maair flow, it was seeded with oil droplets of
approximately 0.8 um diameter, and was introdunéalthe wind tunnel at the ambient temperature
(T.). To characterize well and locate the differepninvlfeatures, we chose a Cartesian coordinate
system whose origin is located at the upstreanmgetle center. This choice is motivated by the
possible asymmetry of the resulting flowfield intepof the symmetry of the geometry as stated in
the literature by several authors like Smith 4.8P8], Muppidi et al.[2006], etc...

The different details concerning the PIV technigue available in the work of Radhouane et al.
[2009] as they preceded the same in their formekwo

NUMERICAL SIMULATION

Consideration is given to a steady, three dimemasiorwompressible and turbulent flow. Having adopted
a Cartesian coordinate system, the reigning Nataes equations become as follows:

= 1)
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The introduction of the fluctuating functions andriables requires the use of a turbulence
closure model. In the present work, we tested thbétyaof the RSM (Reynolds Stress Model)
second-order model to fit well the experiments. itttoduction led to the resolution of the
following equation:
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Cij being the convective term, amy, Pij, Df ,Gij, ¢, &, respectively, the molecular diffusion,
the stress production, the turbulent diffusion, bli@yancy production, the pressure strain and the
dissipation rate of the turbulent kinetic energgtifeste et al. 1993].

The equations of the turbulent kinetic energlyand of the dissipation rate of the kinetic energy
(¢) associated with the second-order model are difseollows:
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For more information concerning the constants thiced in the different equations see
reference [Mahjoub et al. 2003]

RESULTS AND DISCUSSION

The validation of our numerical replica is realizdter confrontation of the calculated resultshie t
experimental data. This confrontation is carrietiauthe vertical variation of both the longitudina
and the vertical velocity components. The corredpan profiles are taken for an injection ratio
equivalent to R=1.29, a spacing of D=3d between jdtenozzles, an inclination of the jets
equivalent tax=60° and at the center of the upstream jet nopdation (figure 2).

The comparison of the calculated and measuredtsaslhtively to both components of the velocity
results in a global satisfying agreement. The slidiscrepancy detected in y=20 mm in the U
velocity profiles are probably due to the transitifvom the first jet plume to the surrounding
transverse flow. The matching of the vertical gesfiis of a slight worse quality which may
originate from a non uniformity in the jet seedirayen if the latter is regulated by a pumping
system. We can then conclude that our numericaletimaglis globally satisfying and models well
the experimental configuration of the twin inclingets issuing atn=60° within the oncoming
crossflow.
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Figure 2 Validation f the numerical replica omditudinal (a) and vertical (b) velocity components

We proceed now to the generalization of our sinedlatase by the introduction of the parameter to
explore: the gradient between the jets and thesfioe temperatures. We are also going to
introduce a non reactive fume within the emitted je approach better the reality; the fume being
composed a follows: 76.9% N2, 20.9% CO2, 18% O20adt SO2.

Now that defined the different imposed geometrynainic and mass conditions, we propose to
represent the vertical distribution of the tempanaitself under a variable gradient between ttee je
and the crossflow’s temperatures (figure 3). Thiaitleg of the temperature distribution will help
us understand the consequences it brings on thavioehof the other governing features of the
flowfield. The profiles will be plotted on the symatny plane (z=0) and in the different
characterizing regions of the domain (x=0, 15, 8@ 30 mm).

Herein, we have to precise that these locationgndependent of the imposed conditions since they
are relative only to the location of the jet noszl€he domain is then divided as follows: withie th
first nozzle, between the jet columns, within tbe@d nozzle and finally downstream the twin jets.
The tested gradients arel= 100K, 300K, 500K, 700K and 900K with referencea constant
crossflow’s temperature equivalent to 303.15 K.

The augmentation of the temperature gradient isesged within the first jet location (fig.3-a) by a
higher initial value corresponding to the tempemtimposed at the jet nozzle exit. When we flee
the injection plate we note a similar global bebawionsisting in a progressive decline leading to
the total homogenization of the flowfield’s tempera. This decline is consequently accompanied
by a tighter declination slope due to the highad@nt considered. The total homogenization of the
flowfield temperature finally occurs in the vicipibf y=14 mm.

The same thermal behavior is adopted within the rdongam jet location with however the
apparition of a second peak corresponding to tlssang of the rear jet's plume. The latter is
naturally lower because the first jet has alreaglgrbweakened by the oncoming crossing flow. The
departure value is however the same as within ¢lae jet since we imposed the same injection
conditions on both jets. The augmentation of theperature gradient affects also the gradient
existing between the registered peaks on a givefilgrin fact, to the considered gradients ; that’
to sayAT= 100K, 300K, 500K, 700K and 900K corresponds eesipely a temperature drop of
approximately 35, 101, 250, 340 and 410K. Thatltesa a drop rate equal to 0.35, 0.34, 0.5, 0.48,
and 0.45 showing that the important changes oaederthe first augmentations of the temperature
gradients. Even if we keep the same trend in tigen@atation of this parameter, we obtain a weaker
variation between the two registered peaks. Thaddaus to suppose that the consequences of the
temperature gradient increase won't be the sameruhé different tested values; this observation
later will be checked later on the dynamic features
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Figure 3 Influence of the variation of the tempera gradient on the vertical distribution of the
temperature in the different characterizing zorfab®domain

Within the jet nozzles (fig.3-b), the profiles sthom different initial values even if we are alyga
situated at the injection plate. This is also du¢he augmentation of the temperature gradient. In
fact, on one hand we kept the crossflow at the samgerature and the velocity ratio unchanged
whereas on the other hand we increased the jetgdmture. These two assumptions allow the
temperature plume of the rear jet to keep its tlapotential core longer and wider in the domain.
Its presence is consequently perceived more sigmifiy everywhere and particularly close to the
injection plate. This impact is then optimum untler highest temperature gradient due to the wider
extent of the corresponding plumes. In additiothis, we can also note the presence of an initial
maximum that is rather a stage than a single peafe mprecisely under the first temperature
gradients AT=100 and 300K). As this gradient carries on risitige registered peak rises.
Nevertheless these maxima are not due to the ngps$ithe rear jet's extension but to the crossing
of the flow trapped between the jet columns. Thevfin this region is strongly affected by the jet
columns; that's why its temperature increases whenjets are heated. Finally, we note that the
decline slope of the temperature is slower undertwo first gradients (100 and 300K) whereas it
becomes tighter as this gradient increases; we sgenthat it becomes almost the same in the
remaining cases; in the vicinity of the crossflsweémperature (J=303.15K)
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Downstream of the twin jets, the same behavioewaduced with however some discrepancies.
The temperature reaches one single peak whose igalueaker than within the jet nozzles. That's
due to the fact that the jets; even combined; teremady crossed the domain and then have lost
some of their strength (their heat in this casd)e Becond change concerns the width of the
temperature profile since under all the considerases we have wider thermal distributions; the
decline slope is however maintained approximatetysame as between the nozzles’ jets.

We can then conclude that the augmentation of tadignt between the jets and the crossflow’s
temperatures widens the temperature profiles, asa® the registered peaks and postpones the
homogenization of the flowfield’s’ temperature dodhe deeper and wider extant of the jet plumes.
The consideration of the lateral distribution of tlemperature is as important as the vertical one i
the way it provides a thorough idea about the thiieeensionally of the problem. The same tested
gradients were considered and their impact wasuated on the distribution of the temperature
within the already defined longitudinal locatioNge also considered three different vertical levels
with reference to the injection plate in order wesp away the majority of the interesting zones
contained within the domain. The farthest vertpasition explored is y=8 mm just because of the
insignificance of the variations and even theirisaimg beyond of this location. We begin in figure
4 with what occurs within the jet nozzles’ locaspmhat happens elsewhere will be treated later.

A primer global observation of the different plattprofiles shows a quasi symmetric behavior of
the temperature. They are however not Gaussiarubeadose to the injection wall the maximum is
reached during a whole stage and on the followirgjilps several disturbances appear and the
asymmetry is comforted. In fact, at y=2 mm, theseki plane (fig. 4-l-a), we are too close to the je
nozzles’ exit section. The jets are then just eadithtnd have not accused the influence of the
oncoming crossflow. The thermal potential coreha jets are then still intact which justifies the
persistence of the maximum temperature value aloagets’ little diameterx10 mm). Of course
the persistence of this maximum does not occurlaitpiunder the different tested gradients since
the less heated jets adopt the most regular maxistage before declining on both sides of the
symmetry plane. This is due to the approximateedemnce of the thermal forces relatively to the
emitted jets and the mainstream (the gradientsalis 100 K). This induces a progressive dispersion
of the thermal potential core of the rear jet dmel lbnger persistence of its maximum. As the jets
are heated further, their density is decreased twhightens their corresponding plumes and
accelerates their crossing of the environing fldwis quicker expanding through the domain is
precisely at the origin of the quicker reductiontleéir initial temperature maximum. The latter is
detected on the plotted profiles through the pregjve registration of a single peak in stead of a
whole stage and in the adoption of a more sudderedsing slope on both sides of the symmetry
plane (z=0) which gives a more rounded allure ® phofiles. The augmentation of the imposed
gradients also results in a quicker peripheral hgen@ation of the resulting flowfield temperature.
In fact, even if the final homogenization takescplapproximately at the same location on the first
vertical plane, it is however attained followingyeeater decline slope (z=+ 12 mm). Nevertheless,
we can not talk about perfect Gaussian profilesabge the final homogenization takes place
effectively at different locations on both sidestiodé symmetry plane (z=-13 mm and z=15 mm).
The detected flow asymmetry is very interesting tluéts prior contradiction with the geometry
symmetry. We propose to check it later on the ramgitemperature and other features’ profiles.
For now, we propose to move farther from the jetat® exits to consider the changes brought by
the temperature ratio on the corresponding profilégse changes are in fact more spectacular like
the apparition of a lateral like peak in the vigmof z= -7 mm and the disturbance present on the
declining slope at z=6 mm. These two singularitiesy actually result from the gradient between
the jets and the mainstream pressures as propgdddppidi et al. [2005]. A further explanation to
the asymmetry was given by Su et al. [2004] and agggoved by Muppidi et al. [2006] and was
even generalized for the instantaneous and mewas.flo
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Figure 4 Influence of the variation of the temperatgradient on the lateral distribution of the
temperature at different vertical levels within then jet nozzles

This explanation supposes it to originate fromittteraction itself with the mainstream propelling
the jets towards the developed wake region. Frarddanstream, this orientation seems to lead the
jets rather to the peripheral sides and not tocémral axis (z=0). A further factor is likely to
reinforce the symmetry according to Su et al. [3080#d consists in the higher momentum on the
interface face with the jets.

Apart from these singularities, the same obsermat@re maintained concerning the impact of the
temperature gradient. Its augmentation still engend higher reached peak, generates a thinner
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profile and results in a quicker declining sloplee theated jets are quicker to disperse and then
quicker to loose their initial “heat potential”. i reference to the previous plane, the final
homogenization occurs earlier: a+A0 mm in stead of=z14 mm and that under all the tested
cases. This is due to the already began dispepsmress of the initial jets’ temperature whatever
the imposed gradient is. At the highest plane @idrc), the profiles are thinned further alwaysdu
to the advanced progression of the dispersion psoc€he latter progressed so much that we
observe even profiles with a needle like alluretipalarly under the highest temperature gradient.
The asymmetry as predicted is further reinforcedhgyadoption of the profiles different declining
slopes and we even note a further disturbancesatitinity of z=-10 mm.

When move to the second jet location (fig. 4-l1Ig wbserve approximately the same behavior with
however some discrepancies. For example, the fioahogenization of the resulting flowfield
temperature does no longer occur simultaneouslemtiee different tested cases. It occurs earlier
when the jets are less heated and that at therafhitfeexamined vertical levels. The profiles are
however still narrower under the highest gradiemtsch is reasonable due to the always faster
dispersion of the jet initial temperature. The d®im the homogenization moment is also due to
this reason as the quicker expansion of the sefinthkes place also in the lateral direction as
shown in figure 5 where we represented the temyeraontours. In this way, the surrounding flow
is heated further as the imposed temperature gradges. Its cooling by the oncoming crossflow
will consequently take more time and this procesgxpressed on the profiles through a more
progressive final decline. On these same profilessaid that the declining slopes became more
regular with reference to the upstream jet locatibey however contain a ghost of stages at the
vicinity of z=¢5 mm. The asymmetry is present here through tfferdnt emplacement of the
registered stages as it occurs effectively betweand -3 mm at the left side and between 5 and 7
mm on the right one. Generally speaking, the asymymef the potted distributions is less
pronounced then in the upstream jet location duthéomore “strong” confrontation between the
rear jet and the crossing flow. This is due tqii®r location which enables it to undergo its enti
flattening and tilting effects. The downstream jeton the contrary prevented from a direct
interaction with the main flow thanks to the shietfleffect provided by rear one. The perturbations
are consequently significantly reduced which allave temperature profiles to keep a regular
allure.

The already discussed stages appeared clearlyuodbr the three highest temperature gradients at
the y=5 mm vertical level. They however were furtbemforted and generalized on the farthest
plane (y=8 mm). These observations are better shmwthe temperature contours especially that
we added the distribution on a further higher plloated at y=12 mm (fig. 5). We can that these
stages are actually engendered by the lateral sipamf the rear jet plume that joins the one
relative to the just emitted downstream jet. A maigmificant region is consequently heated on both
sides of the potential core of the second jet whedults in wider stages on the temperature psofile
during the homogenization process. Theses stagesevieo don’t signify a later final
homogenization of the resulting flowfield as we theated flow always disperses more rapidly
which is the case if we pay attention to the positat which the flow finally gains the crossflow
temperature: approximately z=+13, 15 and 20 mm urelpectively y=2, 5 and 8 mm.

The final remark concerns the rate of reductiothefregistered peaks that is closely related to the
imposed temperature gradient. This rate is resggtequivalent to 6.67, 5.26, 3.75, 3.33 and 0%
between the first and second plane values and 14889, 15.58, 11.86 and 12.5% when
progressing from the second to the highest plane.

Now that we examined the lateral behavior of tmeperature within the jet nozzles’ locations, we
propose to move to the remaining characterizingegaihat are extremely interesting due to the
striking phenomena they enclose.
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Figure 5. Impact of the temperature gradient oridteral expansion of the temperature cartograptiesferent vertical levels



Int. Symp. on Convective Heat and Mass Transfer in Sustainable Energy
April 26 — May 1, 2009, Tunisia

600 T(K) . /'\‘ 4807 T(K) /,r,\
. - /‘ i . ;
i _/ \ ./ \‘
.//\v/\ \ 440 ,//J\ \
5001 1y “\ \ : ,// \\ \
| 1 \\
| 4007 Lo .
a)y=2mm L
400
z(m) Y
300 ' I ‘ I ‘ [ ‘ T \ I I
-0.02 -0.01 0.00 0.01 0.02 -0.02 0.00 0.02
900
6507 T(K)
i /.A' ‘\‘
700 5501 ; \
s
| b)y=5mm | e N
g vy
450 PN
500+ 1y W
i //// ‘\\‘
e W
] ,//’, e “\‘\\‘\
2(m) 3507 // "‘-\“\\;\
300 "1 1 71 T s Nie 2(m)

-0.02 -0.01 0.00 0.01 0.02 ‘ f ’ f ‘ \

1100y

TK 800
] 9 ST — AT=100K | T .
D AT =300 o’ \
900 : , ———. T=500K % [
| , | — —  JT=700K :
—-— AT=900K 600
700 )
] c)y=8mm 500
5001 |
| 400
2(m)
300 ! 300
-0.02 -0.01 0.00 0.01 0.02 -0.03 -0.01 0.01 0.03
| — x=15mm: between the jets Il — x=50 mm: downstream of the 2% jet

Figure 6 Influence of the variation of the temperatgradient on the lateral distribution of the
temperature at different vertical levels betweeth downstream of the jet nozzles

These phenomena consist mainly in the developmeatveake region downstream of both of the
jets and this region is more singular downstreanthefupstream one because of its confinement
between the emitted jet columns as shown on tleadyr observed temperature contours (fig. 5).
We propose then to begin with the profiles ploitethis region at the same different vertical lavel
(fig. 6-1). The change in the temperature behaajgoears immediately close to the injection cross
section exit (y=2 mm) as we longer assist to thgistetion of a single peak but two. Their
corresponding maxima reach different values thatpaogressively approached as the temperature
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gradient increases. The symmetry of the profilesosrealized as far since a further perturbation
develops on the temperature distributions at tlkkewy of z=5 mm departing from a temperature
gradient equal to 300 K.

Though it exists, the asymmetry is not very cleathe temperature contours; it becomes only at the
highest planes (y=8 and 12 mm) as shown withireti@rcled zones (fig. 5-c and d). When we flee
further the injection plate, the jets’ thermal putal cores are more rapidly dispersed but they are
confronted with the wake region that is trappedveen the jet columns. This process results in a
more significant dividing of the initial upstreaet jplume as the wake region is characterized by a
lower temperature. A wider space develops consdlyueetween the registered temperature peaks.
Here in the contrary the symmetry of the profilssmproved. That may result from our farther
location from the injection plate and then from tmain interaction zone. This observation is
however no longer true when carry on going farfham the injection plate since the augmentation
of the temperature gradient when we are locatetieahighest plane brings a further asymmetry
leading to higher peaks on the right side (positiwe®ordinates).

Downstream of the twin jet nozzles, we find baclsiagle peak and a general decline of the
temperature with reference with what happens betilee jet nozzles. We however observe a slight
decline on the registered peaks that is certaioiygyto disappear a little farther. Its origin égisce
comes from the flattening of the combined jet planbgy the crossing flow. This flattening is as
previously said more pronounced under the highestignts due to their weaker density and then to
their resistance towards the constant temperafuteanainstream (fig 5-IV and V ¢ and d). As we
move farther from the injection plate, we obserte frogressive establishment of a more
pronounced asymmetry and even a sweeping of th@eerure profiles towards the positive
coordinates side. The persistence of the peakidiyidill certainly take over if we move further
downstream; when the jets completely combine asdltréen a single plume.

CONCLUSION

The present study considered both experimentalty rmumerically twin inclined elliptic jets in
crossflow. The jets were inclined with a 60° angted their corresponding nozzle centers were
spaced with a distance equivalent to three diametée mainly focused on the consequences of the
variation of the gradient between the jets anddtessflow temperature in order to evaluate the
impact of this parameter on resulting flowfield fgemature both vertically and laterally. The
augmentation of this parameter proved to widenténgperature profiles, to increase the registered
peaks and to postpone the final homogenizatioheflowfield’s temperature due to the deeper and
wider extent of the jet plumes.

Heating the emitted jets further also allowed therflee the injection plate more rapidly but in the
same time to be flattened more significantly byaheoming flow due to their weaker density. This
phenomenon generated the in most of the time tjistration of twin peaks in stead of a single one
because of the wake regions that developed dovamstd each of the nozzles and represented a
king of obstacle in front of the free jets progress
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