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Spreading of the multijet in terms of both the velocity and temperature field depends
strongly on the flow type related to the velocity and temperature ratios between the
cold side jets to the hot central one. This is the reason why the present work focuses
on numerical investigation of non-isothermal three parallel non-ventilated turbu-
lent plane jets. As well, it seems natural to pick as reference the available experi-
mental data. The numerical predictions confirm the three types (A, B, C) of flow
patterns given by the available flow visualization and reveal a fourth that will be
called type D. The purpose of the present study is to explore the effect of the velocity
ratio on the decay rates of the velocity and temperature in the fully developed re-
gion. It is found that the addition of side jets increase the rate of decrease of the cen-
terline velocity for the flow of type A and decreases in the other cases. The effect of
various types of flow on the rate of decrease of the velocity and the temperature in
the fully developed flow region are investigated in details. This led to establish sev-
eral correlations of the rate of decrease that play an important role in the diffusion
of momentum and temperature.
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Introduction

Parallel turbulent multijets are investigated experimentally and numerically by many

researchers [1-12]. Turbulent rectangular jets are found in many engineering applications such

as the propulsions of aircrafts, the dispersion of pollutants and the cooling of electronic pack-

ages. In multijet studies, the mutual influence of the adjacent jets on each other requires clear

understanding and hence the three jets interaction studies becomes interesting. Such interaction

is quite complex because each jet is subjected to a compression or an expansion of its shear

layer. In view of these complexities, it is recommended to control the mixing between the jets

and the entrainment of their surrounding flow. The aligned jets are also studied by other authors.

The works of Salentey [13] and Lesieur [14] examined the configuration of three aligned injec-

tors: a central jet of natural gas and two lateral jets of pure oxygen. These works investigated the

dynamic and scalar fields as well as the behavior of oxy-flame depending on the dynamical and

geometrical parameters of the burner study. The measurements made, for several velocities and

different distances between the jets, allowed to point out the influence of these parameters on the

stabilization of oxy-flame as well as modifying the topology and the characteristics of flows. In
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the case of flow resulting from jets and whatever the geometry of the injectors, it is possible to

describe the overall flow through the three regions found previously in [1, 15, 16]:

– the combining zone is the region of the flow where the jets are not yet in complete

interaction. The configuration of non-ventilated jets (where the space between the nozzles is

confined by a wall) generates some vortices. This zone extends until the mixing point where

the jets merge completely,

– the second zone is the merging region in which the jets are mixed and interact strongly. This

area is quickly reached in the case of non-ventilated jets, [17]. The velocity and temperature

profiles are characterized by several maxima and minima. This zone end is attained when the

maximum value of the velocity is located on the central jet axis, and

– the third zone, called developed region, is located downstream of the combining point from

which the combined jets recovers the single free jet behavior.

For the case of ventilated jets, there is another flow which penetrates at weak velocity

between the neighboring jets breaking the vortices observed in the case of non-ventilated jets,

[6]. Murai et al. [18] and Lin and Sheu [16] have compared these two types of flow configura-

tion. In the vicinity of the nozzle, the authors noted that the decrease of the velocity and the

spreading for the non-ventilated jets are attained before than that of the ventilated case. In the far

field of the flow, they note that there is a little difference between the two cases. The second pa-

rameter to be defined before the design of the experimental set-up is the number of jets and their

arrangement in space. In the case of slot jets, [15] showed that the rate of decrease of the average

velocity along the central jet axis decreases when the number of jets augments. However, this

fact becomes negligible for a greater number (more than 7) of jets. Raghunathan and Reid [5] re-

ported that the increase of jets number induces noise reduction but has a minor effect on the mo-

mentum of the jet. The shape of the nozzle plays also a great role in the spreading of multijets.

Indeed the use of plane jets (also called slot jets) is quite common in studies of multiple jets. The

use of non-ventilated plane jets will lead to the development of re-circulation zones which are

reduced in the case of round jets. Another major difference is due to the effect of nozzle's shape

on the velocity and concentration distributions. Indeed, in the case of an axisymmetric jet, the

decrease of the velocity depends on the dimensionless streamwise abscissa axis (x/a) but in the

case of the slot jets, this decrease follows a law depending on the shape of the nozzle [19]. Some

authors use triangular nozzles, [20] or even elliptical, [21] in order to improve the mixing of the

jet with the surrounding flow. Krothapalli et al. [4] measured the mean velocity and Reynolds

stresses for the configuration of the parallel rectangular jets. Laurence [22] studied the noise in a

rectangular configuration of four jets. For a given spacing between the jets, it is still possible to

modify the behavior of the jets mixing by inclining the nozzles. Becker and Booth [23] studied

the effect of the inclination of two round jets. They confirm that, in the first region of the flow for

the inclination between 15° and 45°, the jets will combine toward each other. After the merging

point, they noted faster merging jets for large angles and in the far field they have found the val-

ues expected in the case of the single jet. Others applications of multijets interaction in engineer-

ing are discussed by Cao et al. [24], Tenchine et al. [25], and Svensson et al. [26]. The configu-

ration chosen in present paper is an array of three parallel identical slot jets. This particular

pattern is chosen, because it allows the deflection of the axis of each jet toward each other, gen-

erating a better mixing. Turbulent incompressible three jets flows are studied by Sforza et al.

[27], Tanaka and Nakata [1], Krothapalli et al. [4], and Quinn [28]. These studies give much in-

formation for this type of flow interaction. The problem of interaction of hot and cold jets has

many important applications such as the extinction of oil well fires. Sabbagh and Aly [29] show,

experimentally, that the increase in flow velocities of the cold jet increases the cooling of the hot
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jet and the spread of the temperature profile of the combined jet. Tanaka and Nakata [1] found

three flow regimes (A, B, and C), depending on the ratio of side jet to central jet velocities. The

dynamical and geometrical parameters are selected according to available data in [1] for the

comparisons. The present study complements the work in [1] by considering several velocity ra-

tios l. This parameter is chosen to allow a comparative study of the decay rates of velocity and

temperature. A similar study was carried out by Stanley et al. [30] for the case of a heated plane

jet.

Methodology

Motion equations

The state of the flow is assumed steady in average and fully turbulent. The fluid (air) is

incompressible with constant thermo-physical properties. The time-averaged equations, which

define this flow, translate from the principles of conservation of the mass (eq. 1), momentum

(eq. 2), and energy (eq. 3), coupled with the equations of the turbulence model:
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where Pr = 0.71.

Four one-point closure models are checked in this study: the standard k-e model, the

RNG k-e model, the SST k-w model, and the RSM model. Svensson et al. [26] shows that this

commonly used RANS turbulence models are able to predict accurately the mean velocity and

the turbulence properties for multijets interaction. The standard k-e model of Jones and Launder

[31] based on the concept of Prandtl-Kolmogorov's turbulent viscosity is utilized in its high

Reynolds number version. After that, Yakhot and Orszag [32] derived from the standard k-e

model, the RNG k-e model by using the renormalisation group (RNG) methods. Menter [33] de-

veloped a turbulence model based on two-equation eddy-viscosity model: the shear stress trans-

port k-w model (SST k-w model). The technique of the SST model is to use a k-w formulation in

the inner parts of the boundary layer and the k-emodel in the outer part of the boundary layer. To

combine these two models together, the standard k-e model has been transformed into equations

based on k and w, which leads to the introduction of a cross-diffusion term in the dissipation rate

equation [34, 35]. Reynolds stress turbulence second moment closure (LRR-IP version) is based

on transport equations for all components of the Reynolds stress tensor and the dissipation rate.

It does not require the eddy viscosity hypothesis [36]. A preliminary study shows that both SST

k-w model and RSM model achieve the best predictions than the others models for the present

configuration.

Numerical procedure

This study is performed by ANSY 14.0 Fluent CFD code, using the finite volume

method. This numerical method requires a transformation of all equations in conservative form

[37]), to convection, diffusion, and source terms. The boundary conditions are sketched in fig. 1.
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The ratio of the side jet to the central jet ve-

locities is defined by l(l = U0S/U0C). The maxi-

mum Reynolds number of the side or the central

one, Re = U0a/n, is set to 18800. At each jet exit

(FG, ED, and CB) all variables are assumed con-

stant.

– At the walls (HG, FE, DC, and BA) the mean

velocity components (U, V), kinetic energy

(k), dissipation (e), and Reynolds stresses

(u ui j ) are set to zero. The specific dissipation

rate w is kept to the asymptotic value proposed

by Wilcox [31]. For the temperature, the walls

are adiabatic.

– At the free boundaries (IJ, HI, and AJ), the

static pressure and temperature are kept, re-

spectively, at atmospheric pressure and ambient temperature. The free boundaries are far

from the flow interaction in order to avoid their influences.

– The convection and diffusion terms are interpolated using the QUIK scheme for each
variable (F = V, k, T, u ui j , e or w) and the second order scheme is applied for pressure.

The pressure velocity coupling is achieved by the SIMPLE algorithm. The solution is

supposed converged when the normalized residues of each variable are less than 10–7. The

source terms are linearized to ensure the stability of the solution.

A 2-D structural non-uniform grids are gen-

erated. The meshes are refined near the wall

where high gradients prevail. The influence of

the grid distribution evidenced by the neigh-

bouring region of the jets is deepened. Several

meshes are tested, the choice fell on the mesh

(fig. 2) which shows the same results as the fin-

est one in order to economise computational

time. This grid distribution is used in all follow-

ing calculations based on the SST k-w model,

because the geometrical parameters of this

study are not modified in this work. For the

other turbulence models, others grids test are investigated.

Results and discussion

This work describes the behaviour of the interaction of three parallel jets. Both veloc-
ity and temperature fields are investigated. The reference [1] examine a large range of velocity
ratio. As well, it seems natural to pick as reference this experimental work for the validation.
The width of the nozzle of each jet is of 7 mm (a = 7 mm) and the distance between two neigh-
bouring jets axis is D0 (D0 = 11a). For the thermal study, the heated central jet is set at TH and the
cold side jets are kept at ambient temperature (Tc = Ta =300 K).

The model validation

As mentioned above, the numerical predictions are compared with experimental avail-

able data, for several velocity ratios. Figure 3 illustrates the comparison of several RANS mod-
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Figure 1. Geometry and boundary conditions

Figure 2. Typical grid (Nx = 280 X, Ny = 150)



els in the case of l = 1.28. Eight cross-sections are selected.The results obtained by both RSM

model and SST k-w model are close to the experiments data of Tanaka and Nakata [1], while the

k-e model and the RNG k-e model underestimate slightly the experimental data. The computa-

tions using the SST k-w model predict the mean velocity with the best accuracy. These discrep-

ancies are slightly more noticeable in the areas of reverse flow, which may be explained by

hot-wire technique that is not suitable for recirculating flow. Unlike the flow of type A, the

flows of type B and C (l increases) will delay the merger jets, reduce the velocity of the central

jet and increases those of the sides jets. As we noted above, in what follows, the one point clo-

sure SST k-w model is used to save computational time, since it gives almost the same results as

the RSM model for the mean velocity and the mean temperature.

Mean flow structure

Tanaka and Nakata [1] studied only the effect of the velocity ratio l on the interference

region by the detailed measures of the flow field variables. They observed three regimes of flow

depending on the velocity ratio l.

Each flow pattern type are evidenced

by visualisation picture achieved by

the oil film method. A good agree-

ment is obtained with the streamlines

contours (fig. 4) and the location of

stagnation points (tab. 1) computed

on the basis of the k-w SST model.

Furthermore, a fourth type of flow

pattern is highlighted in this study.

The type A (l < 0.707)

The central jet is more dominant, thus the side jets are driven and absorbed toward the

central jet edges. Two ranges of l characterise this type of interaction:

– for 0.395 � l < 0.707, two secondary eddies appear between the two main re-circulation

zones. Two symmetrical stagnation points, on each side of the central jet axis, characterise

this range of l, and

– for l < 0.395 no stagnation point is observed, the secondary vortices disappear, because the

momentum of the central jet exceeds that of the side one, therefore it completely absorbs the

side jets.
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Figure 3. Turbulence model validation: normalised mean velocity (l = 1.28)

Table 1. Stagnation points (l = 1.28)

Stagnation points xs/a upper xs/a lower

Present study

k-w SST 16.75 9.90

RSM 15.17 8.94

k-e RNG 14.49 9.70

k-e 13.34 9.66

Experiment Tanaka et al. [1] 18.70 9.89



The type B (0.707 � l < 1.11)

The re-circulation zones are composed of two symmetrical counter-rotating vortices.

The central jet is sucked out by the lateral jets. The maximum velocity is not located along the

central axis. On each side of the central jet axis, two symmetrical stagnation points are observed.

The type C (1.2 < l <2)

With increasing the velocity of the side jets, the re-circulation zones composition be-

come difficult to define. The central jet is rapidly deviated to one side of one lateral jet, where

the first stagnation point occurs downstream. This combined flow joined the second lateral jet at

the second stagnation point. The flow is asymmetric and merging jets is slower as in the preced-

ing case. It also should be noted that at the transition between this case and the previous one, the

central jet oscillates between the two side jets which generates some very noisy configurations

and unsteady behavior [1, 13].

Type D (2 < l < 20)

For l = 15, a reversed flow occurs in the central region of two outside jets before com-

bining and completely overcomes the central jet and the first stagnation point is pushed back up-

stream. Unlike the previous case, it should be pointed that the structure of the flow becomes

symmetric and the two stagnation points are located on the central jet axis (l = 3). The structure

of the plane parallel dual jet flow (fig. 4) is obtained progressively with the increase of l: this is a

phase of slow transition to the two jets flow, diminishing the influence of the central jet.

The analysis of streamlines allows to propose a new classification which is shown sche-

matically in fig. 5. The type A is characterized by no stagnation point (l < 0.395). The schematic

representation of this type of interaction is more detailed than that of Tanaka and Nakata [1]. The
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type B are characterized by two stagnation points (P1, P2) located symmetrically to the axis of the

central jet. The type C is characterized by two stagnation points (P1, P2) located asymmetrically to

the central jet axis. The type D is characterized by two stagnation points (P1, P2) located on the

central jet axis. For the validation, a test case of l = 1.28 is presented in tab. 1. It is found that the

best results are those of the k-w SST model. The study of Tanaka and Nakata [1] is conducted us-

ing both hot wire and Pitot tube which are subject to serious errors [8].

Developed region

In the fully developed flow region, after the merging point, the structure of single jet

flow is recovered, fig. 6(a). The crosswise distributions of streamwise velocity U(y), at x/a =

128, has the same shape for each velocity ratio. For each case, the maximum velocity value Um

and the half width y0.5 of the jet are used to plot dimensionless profile (U/Um = f(y/y0.5)). The ve-

locity distributions at l = 0.3, 0.602 and 0.865 fall on one common curve with that of a single jet,

fig. 6(a). The profiles show a symmetrical velocity with respect to the central jet axis. The high-

est velocity is situated on the central axis of the centre jet. The CFD results follow the Gaussian

curve in that they match the Goertler [38] profile in the inner part of the flow and the Tollmien

[39] curve in the outer part of the flow, up to a position around �1.5 in the dimensionless ab-

scissa axis, when the plots begin to separate. An important point to note is that all the CFD re-

sults lie between the two theoretical curves. At l = 1.28, fig. 6(a) shows that the symmetrical

pattern is broken for the jet and consequently the point of maximum velocity will deviate from

the central jet axis. It is also found that the additional jets on each side of the central jet imply its
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Figure 5. New flow patterns classification
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compression transversely. Therefore, the spreading of the jet of types C is less than that of the

single jet.

Centreline evolution

Pani and Dash [15] showed, in the case of slot jets, that the decay rate of the mean

velocity along the central jet decreases when increasing the number of jets. Figure 6(b) shows, in

comparison with the single jet, that the rate of decrease of the mean velocity along the central jet

will increase as the flow is of type A and decreases in the case of type B, C, and D. The different

values of the slope of decrease (KU) are obtained by fitting the far-field data, using linear

regression, to (U0C/U)2 = KU(x/a) + CU and are plotted vs. l fig. 6(c). The plotted curve is

correlated with two distinct functions:

KU = 0.167 + 0.168 l – 0.287 l2 for l ������� (4)

KU = 0.41 e–l/0.62 + 0.007 for l � 0.707 (5)

The first describing the evolution of KU for a flow of type A and the second one for the

other types of flow. This confirms the fact that the decay rate of the mean velocity also depends

on the type of flow. When l increases the decay rate (KU) tends towards an asymptotic value

corresponding to the case of dual jets.

Temperature field

The purpose of this paper is about the heat transfer process by jets. One considers a hot

central jet between two cold side jets, for several velocity ratios . Some temperature differences

between the hot jet and the cold jet (10 °C � T � 50 °C) are considered. The analysis of fig. 7

shows that the presence of the hot fluid from the central jet is highlight by the maxima of the iso-
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therms in the vicinity of the nozzle. The dispersion of the temperature is controlled by the vorti-

ces. The isotherms follow the behaviour of the streamlines contours at the outlet and near the

nozzles. The hot jet spreads between the two cold side jets except for the flow of type D where

the hot jet is completely surrounded by the cold jets.

Temperature evolution in fully developed region

Figure 8(a) depicts the predicted temperature profiles in the self-similar zone as resulting

from the several values of l. These simulating curves match very closely the Ramaprian et al. [40]

experimental data in the inner part of the flow; up to a position around �1.5 in the dimensionless

abscissa axis, the plots begin to separate. However, the temperature curve of the type D is

superposed to the Ramaprian et al.[40] profile. For purposes of comparison, figs. 6(a) and 8 show

that the calculated curves for the dimensionless velocity and dimensionless temperature at the

same cross-section coincide. The normalized temperature profiles are similar for several T. There-

fore, the temperature spreading of the jet of types (A, B, and C) is less than that of the single jet.

Furthermore, that of the jet type C is the smallest one fig. 8(b). At l = 1.28, fig. 8(a) and (b) show

asymmetrical pattern for the jet and, consequently, the point of maximum temperature will deviate

from the central jet axis. The plots match the dimensionless profiles and begin to separate up to po-

sition +1.5. This is due to gradient of temperature. This simulating curve matches very closely the

Goertler shifted profile in the inner part of the flow, whereas in the outer part it shows a good fit to

the Tollmien shifted profile.

Centerline temperature evolution

The dimensionless parameter DQ(DQ = (T – Ta)/(TH – Ta)) is the increment of tempera-

ture at the jet centerline due to the interaction of cold side jets with the central hot jet as com-

pared to the ambient temperature. The influence of the velocity ratios is illustrated in fig. 9(a)

which show DQ–2 at different stations x/a downstream of the central jet exit. Figure 9(a) shows

that the rate of decrease of the mean temperature along the central jet increases when the veloc-

ity ratio l increases.

The different values of the decay rate (KT) are obtained by fitting the far-field data, us-

ing linear regression, to [(T – Ta)/DT]–2 = KT(x/a) + CT and are plotted vs. l. The curve represent-

ing the decay rate vs. l is correlated with a power function (eq. 6), see fig. 9(b).

KT = 0.128 + 0.194 l2.198 (6)
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For the flow of type A (l < 0.71), the decay rate (KT) varies slightly, which means that

the low velocities of the cold side jets have a minor effect on the temperature profiles in the com-

bined region. For the other types of flow, the increase in the decay rate of temperature as a func-

tion of l is large. Therefore, the flow of type D appears as the best alternative to cool the central

hot jet in the combined region. This result is in agreement with that of [29].

For comparison, fig. 9(b) shows the decay rates of the velocity and temperature. It ap-

pears that the decay rates of temperature are larger than those for the velocity at each velocity ra-

tio (l > 0.5) for the flow of type A, B, C, and D, indicating that turbulent scalar transport occurs

at a faster rate than turbulent momentum transport. For the flow of type A (l < 0.5) the opposite

phenomenon occurs indicating that the turbulent momentum diffuses a little more than the sca-

lar field.

Conclusions

The flow patterns in the three parallel jets change with the variation of the nozzle ve-

locity jet exit ratio (l = U0S/U0C). Four RANS turbulence models are tested for several l. In

comparisons with the available experimental data, the SST k-w model and RSM model results

are better than those of the standard k-e model and RNG k-e model. A new classification of the

flow pattern is highlighted. Four types of flow are identified instead of the three cited in the liter-

ature. In comparison with a single free plane jet, it is found that the addition of side jets in-

creases the rate of decrease of the centerline velocity for the flow of type A and decreases in the

other cases. The centerline profiles of the mean temperature are similar for several temperature

gaps DT at each velocity and temperature ratio. For the type C, the symmetrical pattern is broken

then both velocity and temperature maximum are shifted from the central jet axis in the devel-

oped region. Some correlations of the decay rate of both velocity and temperature along the cen-

tral jet axis in the developed region are found in this paper. These correlations show that the

types of flow play a major role on the momentum and temperature diffusion. The temperature

correlation also confirms that the flow of type D appears as the best alternative to cool the hot

central jet in the combined region. The turbulence characteristics of the multijet by the Reynolds

stress models will be deepened in the future.
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Nomenclature

a – slot nozzle width, [m]
Do – distance between two nozzles, [m]
k – turbulent kinetic energy, [m2s–2]

P – mean pressure, [Pa]
Re – Reynolds number
T – mean temperature, [K]
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