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ABSTRACT.    This paper deals with the interaction of twin inclined jets in crossflow. The 
consideration of this particular configuration is of great interest due to its wide presence in various 
domains and applications and to its dependence in many parameters. These parameters may be 
geometric like the jets’ height, the jet nozzles’ separating distance, the jet nozzles, exit section, etc... It 
may also be based upon one of the reigning features like the velocity ratio, the temperature gradient, 
etc…the gradient between the jets and the crossflow temperatures is precisely the parameter we intend 
to handle in the present work due to its great relevance in several environmental concerns and in 
technical constraints as well. The evaluation of this parameter will be carried out numerically on the 
temperature distribution itself. This evaluation is likely to give a thorough idea about the 
cooling/heating process resulted from the jets’ interaction with the oncoming crossflow. Such an 
understanding is likely to give viable solutions to problems raised by this configuration like the acid 
rain engendered by too hot fumes or the deterioration of the combustors’ walls by too high temperature 
jets, etc… 
The numerically simulated model is based on the resolution of the Navier-Stokes equations by means 
of the finite volume method and the RSM second order turbulent model and is validated by 
confrontation to experimental data depicted on the same geometric replica. 
 
 

INTRODUCTION 
 
“Twin jets in crossflow” is a common configuration present in various industrial and academic 
domains. The number of applications where we find it is in constant increase and the chimney stack 
exhaust is for sure the most familiar one. Nevertheless, further typical engineering applications make 
reference to this configuration like the aerodynamics of VSTOL aircrafts and the jet steering systems, 
the combustion and chemical chamber mixing, etc… 
In the literature, the interest was rather paid to single and multiple jets in crossflow but too few works 
were dedicated to the intermediate twin jets’ configuration. Its well understanding is on the contrary 
very important in the way it expresses the transition between both of them with all it contains in terms 
of newly developed features or in the contrary of disappearing ones. Ziegler et al.[1970] are pioneer in 
the domain as they considered the question since the early seventies (1970) by examining a double jet 
emitted normally in both tandem and side by side arrangements towards the mainstream. This primer 
work was based upon a physical model that was validated after confrontation to experimental data 
relative to two jets injected normal and at 60º to the cross flow. It was shown through this work the 
effect of each of the jets on each others as well as the higher deflection of the upstream jet by the 
mainstream; the deflection process being actually originated from both the entrainment of the 
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mainstream fluid and of the pressure forces acting on the boundary of each jet. Di Micco et al. 
[1990(a)] adopted the same procedure as they considered twin jets in crossflow in both arrangements: 
tandem and side by side. This work was experimental as it was carried out by means of flow 
visualizations and aimed at examining the progression and mixing processes under the variation of the 
jet nozzles’ spacing and the momentum flux ratio. Qualitative information was drawn from these 
observations like the penetration of both jets that proved to be low under the reduction of both of the 
tested parameters. When they increase, the penetration of the jet structures on the contrary grew and 
reached approximately 5 percent of the single jet case. A second part of this work allowed Di Micco et 
al. [1990(b)] to test the influence of a further parameter:  the jets spacing to diameter ratio that ranged 
from 2.7 to 12.1. This influence was tested on the depth penetration of the jets that was proved to me 
non significant under a variable angular orientation. It was also tested on the type of interference 
between the interacting flows since the latter proved to constructive under the lowest spacing and both 
constructive and destructive for all the remaining   values always under a variable angular orientation. 
The most recent work dealing similarly with the twin jet in crossflow configuration is that of Kolar et 
al. [2006] as it experimentally considered the same arrangements. Attention is however exclusively 
dedicated to laterally oriented jets. This work is actually an extension of previous results relative to a 
single jet configuration and aim essentially to explore the vorticity distribution and the overall 
circulation associated with the dominant vortical structure of the handled double jet configuration. 
These features proved to be globally similar to the well-known contrarotating vortex pair of the single 
jet in crossflow. 
 
Further authors chose to consider the twin jets in crossflow by comparing its behavior to the single jet 
case. Such a procedure was initiated by Moore et al. [1985] and aimed precisely to examining the 
interaction between engine exhaust jets and the freestream due to their great relevance on the 
aerodynamic and stability characteristics of VTOL aircrafts during the transition from hover to 
forward flight. The meant interactions are actually investigated by testing the influence of a non 
uniform velocity profiles on the surface pressure distribution due to their close relationship. 
Different injection ratios were also tested which allowed concluding that a non uniform jet with a 
high velocity periphery and a low velocity core has a higher effective velocity ratio than a uniform 
jet with the same mass flow. An experimental examination carried by Toy et al. [1992] established a 
similar rapprochement between the twin and single normal jets in crossflow by focusing on the 
interface region interactions. Smoke flow visualizations and a quantitative video digital imaging 
were combined to obtain the needed measurements relatively to both inline and side by side 
arrangements. The obtained data demonstrated the similarity of the growth rates in the downstream 
direction of both the mixing region and the half-width (defined by the mean interface location). A 
further spectral examination of the lateral fluctuations of the interface in each downstream plane 
across the jets showed the transfer in almost all cases of the energy from lower to higher frequencies 
with increasing distances from the wall. Kolar et al. [2007] paid recently a similar attention to the 
interactions between tandem and side by side twin jets in crossflow in order to detail the resulting 
mixing and dispersion processes. A particular emphasis was however put on the new velocity-field 
analysis based on kinematic decomposition techniques and a particular attention was dedicated to 
the large-scale vortical structures as well as to the background turbulence. This work could 
essentially delimitate the similarities and differences between the dominant mean-flow vortical 
features, vorticity and circulation associated with considered arrangements, establish a comparison 
with the single jet case and finally discuss some dispersion aspects that were reflected through the 
concentration measurements of the differently arranged twin buoyant stack plumes. 
 
Other researchers chose to compare the double jets’ configuration rather to both the single and the 
multiple jets in crossflow configurations. The first to having done this are Ziegler et al. [1973]. 
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Procedures were developed for the matter and could provide a good characterization of the jets’ 
progression among the crossflow by means of the velocity stratification. Jets with three different 
types of exit velocity stratification have been considered, namely: jets with a relatively high velocity 
core, jets with a relatively low velocity core and jets originating from a vaned nozzle. They even 
were tested in different arrangements: tandem, side by side and not aligned. In each case, the 
equations were checked and suited to the configuration and confrontation was established between 
the test data and the computed results. The major merit of this examination is the characterization of 
the jets’ interference effects in addition to the jet blockage effects. A more extended work 
conducted by Xiao [1992] concerned single, double and triple jets in a confined crossflow with 
constant boundary conditions for the jets and the duct flow. In the double and triple jets system, the 
centre-to-centre distances between the jets were 0.68 m and 0.20 m respectively. The blockage 
effect and the recirculation of the mainstream were found to be weaker for a system with a larger jet 
spacing and stronger for a system with a higher number of jets. Measurements of the jet velocity 
along the jet centerline of the multiple jet system were obtained, and the decay in the velocity of the 
upstream jet was found to be more rapid compared to the downstream jet in the tandem array. The 
latest work that followed this extended comparison for the twin jet configuration to the single and 
multiple jet cases was numerically carried out by Maidi et al. [2008] but on jets with a square exit 
section issuing normally. Here too single, double and triple jets configurations were considered for a 
jet to cross-flow velocity ratio of 2.5 and a Reynolds number of 225, based on the free-stream 
quantities and the jet width. The main results of this study consist in the strong dependence on the 
jet-to-jet edge distance of the merging process relative to two counter-rotating vortex pairs (CRVP) 
developed in the twin jets’ configurations. 
 
We see then that too little work was dedicated exclusively to the tandem jets in crossflow. Two 
scarce papers were however found in the literature. The first was carried out numerically by 
Ohanian et al. [2001] and handled two planer jets under a variable injection ratio and a variable jet 
spacing. They authors could mainly show the vanishing of the jets’ coupling for the highest spacing 
(3 diameters) and the augmentation of the throw distance in the crossflow beyond the wall boundary 
layer thickness before finally tilting under the other spacing conditions and a rising exhaust 
momentum of the downstream jet above the free stream and upstream jet velocities. The second 
twin inline jets in crossflow examination was performed by Radhouane et al. [2009] under a 
variable initial streamwise inclination angle and tended to examine the heat and mass transfer 
generated by the different flows’ interaction. We deduce from the above-mentioned references that 
too little work was dedicated to the temperature distribution in spite of the great relevance of the 
question especially under the incessant need for better efficiencies in most of the already mentioned 
applications. The need for increasing temperatures is however confronted with several serious 
drawbacks. In fact, in many of them, we are limited by technical constraints like the melting of the 
handled chambers’ material. We may also be limited by environmental regulations as the ejection of 
too much heated jets in the atmosphere may engender acid rain or produce harmful molecular 
combinations especially in the case of industrial reactive fumes. To be able to provide viable solutions 
to such problems we propose to study precisely the impact of the variation of the gradient between the 
jets and the oncoming crossflow’s temperatures. This impact will be explored mainly on the 
distribution of the temperature itself due to extremely high importance of this feature. For the matter 
we propose to describe the experimental side of this study that will provide us with reference for the 
validation of the numerical model. Then, we will explore numerically the temperature vertically as 
well as laterally in order to get a thorough idea about its three dimensional progression along the 
considered domain.  
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EXPERIMENTAL SET-UP 

 
As announced before, experimental measurements are carried pout on a geometric replica. Its 
dimensions, the location of the jets nozzles, the orientation of the different present flows and the 
corresponding details are represented in figure 1. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Geometry of the handled configuration 
 
It is clear in the figure that the jets originated from cylindrical pipes finally result in elliptic cross 
section nozzles due to their razing at the level of the wind tunnel ground. We consequently diameters 
equal to d and d/sinα respectively in the lateral and longitudinal directions. Both jets and the crossflow 
are fed with air and the jets are first treated isothermally. For the need of the particle image 
velocimetry (PIV) technique and the images capturing the jets were seeded with glycerin particles 
whose diameter is approximately equivalent to 1 µm (the seeding density is approximately 30 
particles per ml of pure jet fluid). As to the main air flow, it was seeded with oil droplets of 
approximately 0.8 µm diameter, and was introduced into the wind tunnel at the ambient temperature 
(T∞). To characterize well and locate the different flow features, we chose a Cartesian coordinate 
system whose origin is located at the upstream jet nozzle center. This choice is motivated by the 
possible asymmetry of the resulting flowfield in spite of the symmetry of the geometry as stated in 
the literature by several authors like Smith et al.[1998],  Muppidi et al.[2006], etc… 
The different details concerning the PIV technique are available in the work of Radhouane et al. 
[2009] as they preceded the same in their former work. 
 

NUMERICAL SIMULATION 
 
Consideration is given to a steady, three dimensional, incompressible and turbulent flow. Having adopted 
a Cartesian coordinate system, the reigning Navier stokes equations become as follows: 
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The introduction of the fluctuating functions and variables requires the use of a turbulence 

closure model. In the present work, we tested the ability of the RSM (Reynolds Stress Model) 
second-order model to fit well the experiments. Its introduction led to the resolution of the 
following equation:  
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Ci j being the convective term,  and LijD , Pi j , T
ijD  , Gi j , ijφ , εij, respectively, the molecular diffusion, 

the stress production, the turbulent diffusion, the buoyancy production, the pressure strain and the 
dissipation rate of the turbulent kinetic energy [Schieste et al. 1993]. 

The equations of the turbulent kinetic energy (k) and of the dissipation rate of the kinetic energy 
(ε) associated with the second-order model are defined as follows: 
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For more information concerning the constants introduced in the different equations see 

reference [Mahjoub et al. 2003] 
 

RESULTS AND DISCUSSION 
 
The validation of our numerical replica is realized after confrontation of the calculated results to the 
experimental data. This confrontation is carried out on the vertical variation of both the longitudinal 
and the vertical velocity components. The corresponding profiles are taken for an injection ratio 
equivalent to R=1.29, a spacing of D=3d between the jet nozzles, an inclination of the jets 
equivalent to α=60° and at the center of the upstream jet nozzle location (figure 2). 
The comparison of the calculated and measured results relatively to both components of the velocity 
results in a global satisfying agreement. The slight discrepancy detected in y=20 mm in the U 
velocity profiles are probably due to the transition from the first jet plume to the surrounding 
transverse flow. The matching of the vertical profiles is of a slight worse quality which may 
originate from a non uniformity in the jet seeding; even if the latter is regulated by a pumping 
system. We can then conclude that our numerical modeling is globally satisfying and models well 
the experimental configuration of the twin inclined jets issuing at α=60° within the oncoming 
crossflow.  
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Figure 2   Validation f the numerical replica on longitudinal (a) and vertical (b) velocity components  
 
 
We proceed now to the generalization of our simulated case by the introduction of the parameter to 
explore: the gradient between the jets and the crossflow temperatures. We are also going to 
introduce a non reactive fume within the emitted jets to approach better the reality; the fume being 
composed a follows: 76.9% N2, 20.9% CO2, 18% O2 and 0.4% SO2.  
Now that defined the different imposed geometric, dynamic and mass conditions, we propose to 
represent the vertical distribution of the temperature itself under a variable gradient between the jets 
and the crossflow’s temperatures (figure 3). The detailing of the temperature distribution will help 
us understand the consequences it brings on the behavior of the other governing features of the 
flowfield. The profiles will be plotted on the symmetry plane (z=0) and in the different 
characterizing regions of the domain (x=0, 15, 30 and 50 mm).  
Herein, we have to precise that these locations are independent of the imposed conditions since they 
are relative only to the location of the jet nozzles. The domain is then divided as follows: within the 
first nozzle, between the jet columns, within the second nozzle and finally downstream the twin jets. 
The tested gradients are ∆T= 100K, 300K, 500K, 700K and 900K with reference to a constant 
crossflow’s temperature equivalent to 303.15 K. 
The augmentation of the temperature gradient is expressed within the first jet location (fig.3-a) by a 
higher initial value corresponding to the temperature imposed at the jet nozzle exit. When we flee 
the injection plate we note a similar global behavior consisting in a progressive decline leading to 
the total homogenization of the flowfield’s temperature. This decline is consequently accompanied 
by a tighter declination slope due to the higher gradient considered. The total homogenization of the 
flowfield temperature finally occurs in the vicinity of y=14 mm.  
The same thermal behavior is adopted within the downstream jet location with however the 
apparition of a second peak corresponding to the crossing of the rear jet’s plume. The latter is 
naturally lower because the first jet has already been weakened by the oncoming crossing flow. The 
departure value is however the same as within the rear jet since we imposed the same injection 
conditions on both jets. The augmentation of the temperature gradient affects also the gradient 
existing between the registered peaks on a given profile. In fact, to the considered gradients ; that’s 
to say ∆T= 100K, 300K, 500K, 700K and 900K corresponds respectively a temperature drop of 
approximately 35, 101, 250, 340 and 410K. That results in a drop rate equal to 0.35, 0.34, 0.5, 0.48, 
and 0.45 showing that the important changes occur under the first augmentations of the temperature 
gradients. Even if we keep the same trend in the augmentation of this parameter, we obtain a weaker 
variation between the two registered peaks. That leads us to suppose that the consequences of the 
temperature gradient increase won’t be the same under the 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 temperature gradient on the vertical distribution of the 
temperature in the different characterizing zones of the domain 

 

 
Within the jet nozzles (fig.3-b), the profiles start from different initial values even if we are always 
situated at the injection plate. This is also due to the augmentation of the temperature gradient. In 
fact, on one hand we kept the crossflow at the same temperature and the velocity ratio unchanged 
whereas on the other hand we increased the jets’ temperature. These two assumptions allow the 
temperature plume of the rear jet to keep its thermal potential core longer and wider in the domain. 
Its presence is consequently perceived more significantly everywhere and particularly close to the 
injection plate. This impact is then optimum under the highest temperature gradient due to the wider 
extent of the corresponding plumes. In addition to this, we can also note the presence of an initial 
maximum that is rather a stage than a single peak more precisely under the first temperature 
gradients (∆T=100 and 300K). As this gradient carries on rising, the registered peak rises. 
Nevertheless these maxima are not due to the crossing of the rear jet’s extension but to the crossing 
of the flow trapped between the jet columns. The flow in this region is strongly affected by the jet 
columns; that’s why its temperature increases when the jets are heated. Finally, we note that the 
decline slope of the temperature is slower under the two first gradients (100 and 300K) whereas it 
becomes tighter as this gradient increases; we even see that it becomes almost the same in the 
remaining cases; in the vicinity of  the crossflow’s temperature (T∞=303.15K) 
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Downstream of the twin jets, the same behavior is reproduced with however some discrepancies. 
The temperature reaches one single peak whose value is weaker than within the jet nozzles. That’s 
due to the fact that the jets; even combined; have already crossed the domain and then have lost 
some of their strength (their heat in this case). The second change concerns the width of the 
temperature profile since under all the considered cases we have wider thermal distributions; the 
decline slope is however maintained approximately the same as between the nozzles’ jets. 
We can then conclude that the augmentation of the gradient between the jets and the crossflow’s 
temperatures widens the temperature profiles, increases the registered peaks and postpones the 
homogenization of the flowfield’s’ temperature due to the deeper and wider extant of the jet plumes. 
The consideration of the lateral distribution of the temperature is as important as the vertical one in 
the way it provides a thorough idea about the three dimensionally of the problem. The same tested 
gradients were considered and their impact was evaluated on the distribution of the temperature 
within the already defined longitudinal locations. We also considered three different vertical levels 
with reference to the injection plate in order to sweep away the majority of the interesting zones 
contained within the domain. The farthest vertical position explored is y=8 mm just because of the 
insignificance of the variations and even their vanishing beyond of this location. We begin in figure 
4 with what occurs within the jet nozzles’ locations; what happens elsewhere will be treated later. 
A primer global observation of the different plotted profiles shows a quasi symmetric behavior of 
the temperature. They are however not Gaussian because close to the injection wall the maximum is 
reached during a whole stage and on the following profiles several disturbances appear and the 
asymmetry is comforted. In fact, at y=2 mm, the closest plane (fig. 4-I-a), we are too close to the jet 
nozzles’ exit section. The jets are then just emitted and have not accused the influence of the 
oncoming crossflow. The thermal potential core of the jets are then still intact which justifies the 
persistence of the maximum temperature value along the jets’ little diameter (≈10 mm). Of course 
the persistence of this maximum does not occur similarly under the different tested gradients since 
the less heated jets adopt the most regular maximum stage before declining on both sides of the 
symmetry plane. This is due to the approximate equivalence of the thermal forces relatively to the 
emitted jets and the mainstream (the gradients is only 100 K). This induces a progressive dispersion 
of the thermal potential core of the rear jet and the longer persistence of its maximum. As the jets 
are heated further, their density is decreased which lightens their corresponding plumes and 
accelerates their crossing of the environing flow. This quicker expanding through the domain is 
precisely at the origin of the quicker reduction of their initial temperature maximum. The latter is 
detected on the plotted profiles through the progressive registration of a single peak in stead of a 
whole stage and in the adoption of a more sudden decreasing slope on both sides of the symmetry 
plane (z=0) which gives a more rounded allure to the profiles. The augmentation of the imposed 
gradients also results in a quicker peripheral homogenization of the resulting flowfield temperature. 
In fact, even if the final homogenization takes place approximately at the same location on the first 
vertical plane, it is however attained following a greater decline slope (z=± 12 mm). Nevertheless, 
we can not talk about perfect Gaussian profiles because the final homogenization takes place 
effectively at different locations on both sides of the symmetry plane (z=-13 mm and z=15 mm). 
The detected flow asymmetry is very interesting due to its prior contradiction with the geometry 
symmetry. We propose to check it later on the remaining temperature and other features’ profiles. 
For now, we propose to move farther from the jet nozzle exits to consider the changes brought by 
the temperature ratio on the corresponding profiles. These changes are in fact more spectacular like 
the apparition of a lateral like peak in the vicinity of z= -7 mm and the disturbance present on the 
declining slope at z=6 mm. These two singularities may actually result from the gradient between 
the jets and the mainstream pressures as proposed by Muppidi et al. [2005]. A further explanation to 
the asymmetry was given by Su et al. [2004] and was approved by Muppidi et al. [2006] and was 
even generalized for the instantaneous and mean flows. 
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Figure 4 Influence of the variation of the temperature gradient on the lateral distribution of the 
temperature at different vertical levels within the twin jet nozzles 

 
 

This explanation supposes it to originate from the interaction itself with the mainstream propelling 
the jets towards the developed wake region. From far downstream, this orientation seems to lead the 
jets rather to the peripheral sides and not to the central axis (z=0). A further factor is likely to 
reinforce the symmetry according to Su et al. [2004] and consists in the higher momentum on the 
interface face with the jets. 
Apart from these singularities, the same observations are maintained concerning the impact of the 
temperature gradient. Its augmentation still engenders a higher reached peak, generates a thinner 
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profile and results in a quicker declining slope: the heated jets are quicker to disperse and then 
quicker to loose their initial “heat potential”. With reference to the previous plane, the final 
homogenization occurs earlier: at z≈±10 mm in stead of z≈±14 mm and that under all the tested 
cases. This is due to the already began dispersion process of the initial jets’ temperature whatever 
the imposed gradient is. At the highest plane (fig. 4-I-c), the profiles are thinned further always due 
to the advanced progression of the dispersion process. The latter progressed so much that we 
observe even profiles with a needle like allure particularly under the highest temperature gradient. 
The asymmetry as predicted is further reinforced by the adoption of the profiles different declining 
slopes and we even note a further disturbance at the vicinity of z=-10 mm. 
When move to the second jet location (fig. 4-II), we observe approximately the same behavior with 
however some discrepancies. For example, the final homogenization of the resulting flowfield 
temperature does no longer occur simultaneously under the different tested cases. It occurs earlier 
when the jets are less heated and that at the different examined vertical levels. The profiles are 
however still narrower under the highest gradients which is reasonable due to the always faster 
dispersion of the jet initial temperature. The change in the homogenization moment is also due to 
this reason as the quicker expansion of the second jet takes place also in the lateral direction as 
shown in figure 5 where we represented the temperature contours. In this way, the surrounding flow 
is heated further as the imposed temperature gradient rises. Its cooling by the oncoming crossflow 
will consequently take more time and this process is expressed on the profiles through a more 
progressive final decline. On these same profiles we said that the declining slopes became more 
regular with reference to the upstream jet location; they however contain a ghost of stages at the 
vicinity of z≈±5 mm. The asymmetry is present here through the different emplacement of the 
registered stages as it occurs effectively between -6 and -3 mm at the left side and between 5 and 7 
mm on the right one. Generally speaking, the asymmetry of the potted distributions is less 
pronounced then in the upstream jet location due to the more “strong” confrontation between the 
rear jet and the crossing flow. This is due to its prior location which enables it to undergo its entire 
flattening and tilting effects. The downstream jet is on the contrary prevented from a direct 
interaction with the main flow thanks to the shielding effect provided by rear one. The perturbations 
are consequently significantly reduced which allows the temperature profiles to keep a regular 
allure. 
The already discussed stages appeared clearly only under the three highest temperature gradients at 
the y=5 mm vertical level. They however were further comforted and generalized on the farthest 
plane (y=8 mm). These observations are better shown on the temperature contours especially that 
we added the distribution on a further higher plane located at y=12 mm (fig. 5). We can that these 
stages are actually engendered by the lateral expansion of the rear jet plume that joins the one 
relative to the just emitted downstream jet. A more significant region is consequently heated on both 
sides of the potential core of the second jet which results in wider stages on the temperature profiles 
during the homogenization process. Theses stages however don’t signify a later final 
homogenization of the resulting flowfield as we the heated flow always disperses more rapidly 
which is the case if we pay attention to the position at which the flow finally gains the crossflow 
temperature: approximately z=±13, 15 and 20 mm under respectively y=2, 5 and 8 mm. 
The final remark concerns the rate of reduction of the registered peaks that is closely related to the 
imposed temperature gradient. This rate is respectively equivalent to 6.67, 5.26, 3.75, 3.33 and 0% 
between the first and second plane values and 17.85, 17.89, 15.58, 11.86 and 12.5% when 
progressing from the second to the highest plane. 
Now that we examined the lateral behavior of the temperature within the jet nozzles’ locations, we 
propose to move to the remaining characterizing zones that are extremely interesting due to the 
striking phenomena they enclose.  
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Figure 5. Impact of the temperature gradient on the lateral expansion of the temperature cartographies at different vertical levels 
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Figure 6 Influence of the variation of the temperature gradient on the lateral distribution of the 
temperature at different vertical levels between and downstream of the jet nozzles 

 
 
These phenomena consist mainly in the development of a wake region downstream of both of the 
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between the emitted jet columns as shown on the already observed temperature contours (fig. 5). 
We propose then to begin with the profiles plotted in this region at the same different vertical levels 
(fig. 6-I). The change in the temperature behavior appears immediately close to the injection cross 
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gradient increases. The symmetry of the profiles is not realized as far since a further perturbation 
develops on the temperature distributions at the vicinity of z=5 mm departing from a temperature 
gradient equal to 300 K. 
Though it exists, the asymmetry is not very clear on the temperature contours; it becomes only at the 
highest planes (y=8 and 12 mm) as shown within the encircled zones (fig. 5-c and d). When we flee 
further the injection plate, the jets’ thermal potential cores are more rapidly dispersed but they are 
confronted with the wake region that is trapped between the jet columns. This process results in a 
more significant dividing of the initial upstream jet plume as the wake region is characterized by a 
lower temperature. A wider space develops consequently between the registered temperature peaks. 
Here in the contrary the symmetry of the profiles is improved. That may result from our farther 
location from the injection plate and then from the main interaction zone. This observation is 
however no longer true when carry on going farther from the injection plate since the augmentation 
of the temperature gradient when we are located at the highest plane brings a further asymmetry 
leading to higher peaks on the right side (positive z coordinates). 
Downstream of the twin jet nozzles, we find back a single peak and a general decline of the 
temperature with reference with what happens between the jet nozzles. We however observe a slight 
decline on the registered peaks that is certainly going to disappear a little farther. Its origin existence 
comes from the flattening of the combined jet plumes by the crossing flow. This flattening is as 
previously said more pronounced under the highest gradients due to their weaker density and then to 
their resistance towards the constant temperature of the mainstream (fig 5-IV and V c and d).  As we 
move farther from the injection plate, we observe the progressive establishment of a more 
pronounced asymmetry and even a sweeping of the temperature profiles towards the positive 
coordinates side. The persistence of the peak dividing will certainly take over if we move further 
downstream; when the jets completely combine and result in a single plume. 
 
 

CONCLUSION 
 
The present study considered both experimentally and numerically twin inclined elliptic jets in 
crossflow. The jets were inclined with a 60° angle and their corresponding nozzle centers were 
spaced with a distance equivalent to three diameters. We mainly focused on the consequences of the 
variation of the gradient between the jets and the crossflow temperature in order to evaluate the 
impact of this parameter on resulting flowfield temperature both vertically and laterally.  The 
augmentation of this parameter proved to widen the temperature profiles, to increase the registered 
peaks and to postpone the final homogenization of the flowfield’s temperature due to the deeper and 
wider extent of the jet plumes. 
Heating the emitted jets further also allowed them to flee the injection plate more rapidly but in the 
same time to be flattened more significantly by the oncoming flow due to their weaker density. This 
phenomenon generated the in most of the time the registration of twin peaks in stead of a single one 
because of the wake regions that developed downstream of each of the nozzles and represented a 
king of obstacle in front of the free jets progression. 
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