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Abstract. In the present study, impinging of vertical twin jet against a horizontal plate
is investigated numerically and experimentally. Four two-equation RANS based turbulence
models are used and their capabilities to simulate such complicated turbulent 
ow are
examined. The inlet jet hydraulic diameters are the same, and the Reynolds number of
external 
ows of jets is 13500. The ratio of the width of nozzles (e) to nozzle-to-plate
distance (H) is considered as 1:10. The obtained results were compared with each other
and two-dimensional experimental data to evaluate the capabilities of such models for this
kind of 
ows. By comparing the numerical and experimental results, it was concluded
that all of the models could predict acceptable results in the free jet area; however, in
the near wall region, none of the models can predict 
ow characteristics with reasonable
accuracy. According to the observations, at low nozzle-to-plate distances, the results of
the turbulence models were approximately in accordance with the experimental data.
Furthermore, maximum and minimum of the turbulent kinetic energy occurred in the
shear layers and potential cores of the jets, respectively.
© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

The impinging turbulent 
ow of twin jets has many
applications due to their manifold features. They
are able to mix two 
ows with di�erent climatic
characteristics. These kinds of jets are composed of
one or several parallel air streams generally. They are
commonly used in (a) the electronics cooling �eld, (b)
stopping or slowing down heat and smoke propagation
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in case of �re in tunnels, (c) the entrance of public
and commercial buildings and shops, and (d) the
conservation of refrigerated foods.

Greco et al. [1] investigated the behavior of
single and twin circular synthetic jets with di�erent
nozzle-to-plate distances (H=D) for Reynolds number
5100 and Strouhal number 0.024 using Particle Image
Velocimetry (PIV) experimentally. They compared the
location of the saddle points in both con�gurations and
found the saddle point in the single jet reaching the
impinging plate; however, saddle points in the twin jet
did not reach the impinging plate due to the presence
of other impinging jets. In another study, Ozmen [2]
examined the 
ow characteristics of the twin jet for
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di�erent Reynolds numbers, nozzle-to-plate distances
(H=D), and jet-to-jet spacing (L=D) experimentally
using the smoke-wire technique. The 
ow structures in
the impinging region using PIV method were studied
by Loubiere and Pavageau [3] experimentally; then,
they implemented the vortex reduction method in order
to reveal the 2D coherent patterns embedded in PIV
and statistical analysis of the topological and energy
features of these structures. Felis et al. [4] described
laboratory experiments performed to investigate the
ability of air curtain arrangements to prevent heat
propagation in case of �re in a corridor-like geometry.
They used Laser Doppler Anemometer (LDA) and
�ne thermocouples for velocity and temperature mea-
surements, respectively. Finally, results showed that
the longitudinal turbulent heat 
ux had a dominant
contribution in turbulent transfers. The impinging
turbulent 
ow of twin jets against a wall for two
di�erent con�gurations using RANS-based turbulence
models such as k-", k-" realizable and k-! models was
investigated by Fernandez et al. [5]. Results showed
the k-" and k-" realizable models were perfectly in
agreement with the experimental results; however, k-!
could not predict the results well; however, all of these
models underestimated the jet expansion rate. Lecaros
et al. [6] studied the ability of double stream twin
jet air curtains for con�ning heat in tunnels using the
Fire Dynamics Simulator (FDS) code; however, Laser
Doppler Velocimetry (LDV) and �ne thermocouples
were used for velocity and temperature measurements,
respectively. Using computational 
uid dynamics tech-
niques, Taghinia et al. [7] simulated the impinging
turbulent 
ow of twin jets against a wall using k-!-
SST-SAS model. Finally, the results showed that SST-
SAS model could predict better results for low ratios
of H=D. Greco et al. [8] investigated the e�ectiveness
of di�erent nozzle-to-plate distances (H=D) in heat
transfer in single and twin synthetic circular jets
experimentally. Results showed that, for low (H=D)
ratios, the heat transfer was dominant; however, for
high (H=D) ratios, the heat transfer performed with
steady and less coherent turbulent 
ows. Elicer-
Cortes et al. [9] performed 2D and 3D simulations
of a double stream twin jet using the RSM model,
and observed that the 2D and 3D numerical results
overestimated the jet expansion rate. The in
uence
of 
ow instabilities on the e�ciency of the twin jet
air curtains using Large Eddy Simulation (LES) was
examined by Rivera et al. [10]. Results exhibited that
Kelvin-Helmoltz instabilities played a more important
role than Gortler instabilities. Charmiyan et al. [11]
studied the impinging turbulent 
ow of a single jet
against a wall using two di�erent Sub-Grid Scale (SGS)
models: one equation and localized dynamic Smagorin-
sky models. They observed that both SGS models
overestimated the jet expansion rate; however, the

results revealed high concurrence between the localized
dynamic Smagorinsky model results and the experi-
mental data in simulating the subgrid structures in
the impinging region, especially near the impingement
wall. Recently, Liang Xu et al. [12] simulated heat
transfer by swirling impinging jets issued from a screw-
thread nozzle due to achieved uniform cooling at high
heat transfer rates. In addition, they observed that
the designed swirler con�guration increased the radial
uniformity of heat transfer. Large eddy simulation was
used by Martin Draksler et al. [13] to achieve 
ow
dynamics and heat transfer characteristics of multiple
impinging jets in hexagonal con�guration. Trinh et
al. [14] compared the aerodynamics and thermal heat
transfer of impinging jets between lobed and tubed
injections and, then, observed that heat transfer rate
was very di�erent between them. Finally, Tsaoulidis
and Angeli [15] studied dispersions of two immiscible
liquids in con�ned intensi�ed impinging jets' cells
experimentally, and found that the total velocity of
the two jets was the main parameter that a�ected the
drop sizes. Recently, Charmiyan et al. [16] investigated
di�erent structures of slot impinging jet using di�erent
criteria using tomographic PIV. They extracted some
new three-dimensional futures of turbulent 
ow close
to and far from the impinging wall. The results of
Proper Orthogonal Decomposition (POD) showed that
the dominant 
ow structures belonged to the �rst forty
POD modes.

The present study investigates the ability of four
two-equation RANS-based turbulence models such as
k-", k-"-RNG, k-!, and k-!-SST to predict the be-
havior of the twin jet against a wall in three di�erent
regions: near the inlets, in the middle, and near the
impinging wall. Therefore, the numerical procedure
and experimental setup along with its method adopted
in this study are �rst described brie
y. Finally,
the numerical and experimental results are compared
together from new viewpoints. The �rst location of
the impingement of two-jet boundary layers and, also,
the �rst location of a single jet formation obtained
using numerical simulation are then compared with
experimental data.

The con�guration used here is shown in Figure 1.
It is a symmetric non-recirculating twin jet system,
whose discharge jets were supplied with the air taken
from the ambience. The heat transfer phenomenon,
coherent eddy structures, and di�erent arrangements
of twin jets were investigated in previous studies [3-
5,9,10]. This study di�ers from previous studies in
terms of con�guration, boundary conditions, turbu-
lence models, and the Reynolds number of external

ows of jets. In the present study, the impinging
turbulent 
ow of twin jets against a wall using di�erent
two-equation turbulence models, k-", k-"-RNG, k-!,
and k-!-SST was simulated. Finally, the numerical and
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Figure 1. Schematic of the device for generating a double air jet plane impact.

Figure 2. Di�erent sections for comparison of numerical
results against the experiments. The jet hydraulic
diameter and the membrane are 3 cm and 2 mm,
respectively.

experimental results were compared. Figure 2 shows
di�erent sections from which experimental and numer-
ical results were extracted. Note that dimensions of the
numerical and experimental geometries were consid-
ered the same and, then, the simulation was performed
for the entire domain, and only the shaded area in
Figure 1 was investigated as the laboratory experiment.

2. Numerical procedure

2D Navier Stokes equations along with k-" standard, k-

"-RNG, k-! standard, and k-!-SST models were used
for the 2D steady-state simulation. A detailed descrip-
tion of the governing equations related to these models
was presented previously in [17]. All of the simulations
were carried out using the CFD code OpenFOAM 2.3.0
package. The residuals of velocity, pressure, turbulent
kinetic energy, and dissipation rate were set to 10�5

in order to obtain the convergence stability [5], and
SimpleFoam solver was used for simulation. Due to
the high Reynolds number, the e�ects of gravity were
ignored; in addition, gradients, divergences, and Lapla-
cian terms were evaluated using Gauss linear, bounded
Gauss limited linear, and Gauss linear corrected meth-
ods, respectively. A detailed description of the dis-
cretizing methods for di�erent terms can be found
in [18,19]. In order to examine the grid size, three cases
were investigated, as given in Table 1. In all of these
cases, the shaded area shown in Figure 1 consists of
high density mesh, and then by moving towards outlets
and the walls, the density of the mesh goes lower and
higher, respectively. On the impinging wall, the density
of the mesh is higher than that on the other wall.

Mean velocity and turbulence kinetic energy for
these cases in di�erent sections were compared (Fig-
ure 3), and Case 3 was chosen in the end.

3. Boundary conditions

The boundary conditions were considered in accor-
dance with the experiments. At the whole wall of the

Table 1. Grid-independency tests.

Name of cases Number of cells
Turbulence kinetic energy

(m2/s2) at y=e = 8:67
Velocity (m/s) at

y=e = 8:67
Case 1 76572 0.35 4.98
Case 2 151812 0.052 5.1
Case 3 300852 0.05 5.1
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Figure 3. Grid-independency tests at y=e = 8:67: (a) Streamwise pro�les and (b) turbulent kinetic energy.

geometry, a no-slip condition was imposed. Further,
at the inlets and outlets of the geometry, a mean
velocity equal to 7 m/s and a constant pressure equal
to the atmospheric pressure were imposed, respectively.
The application of PIV data determined the turbulent
kinetic energy at the inlets. Moreover, at the inlets, the
value of dissipation rate (") and speci�c dissipation rate
(!) are taken equal to " = C3=4

� K3=2=0:07b (b = e=2,
C� = 0:085) and ! = K1=2=0:07C1=4

� for k-", k-"-RNG,
k-!, and k-!-SST models, respectively.

4. Description of the experimental setup

A schematic representation of the experimental setup
is presented in Figure 1, and a detailed view of the test
section is shown in Figure 4. The test bench consists
of an open tunnel with 1 � 0:3 m2 on both sides and
a total length equal to 3 m. In the middle and at the
top of the tunnel, two continuous rectangular nozzles
are placed. To ensure uniform 
ow at the nozzle exits,
the honeycomb structures are used for homogenization;
then, the jets emerge by two rectangular nozzles with a
length and a width equal to 1 m and 1.5 cm (Figure 1),

Figure 4. Plan measures by PIV.

respectively. A metal plate with a thickness of 2 mm
is used to separate two jets. The blowing velocity (i.e.,
the velocity of the jet at the nozzle exit) can be set
separately for each nozzle, and their range changes from
1 m/s to 15 m/s by varying the rotational speeds of
the axial fans. The blower velocity is set to 7 m/s.
The associated Reynolds number, Re = U0e

� , is 13500,
where U0 is the mean velocity at the nozzle exit, e
is the total width of nozzles, their half width is b
(e = 2b = 3 cm), and � is the kinematic viscosity of
air. Test section dimensions are adjusted with respect
to the following aspects of relationships: H=e = 10
for maximum turbulent intensity on the jet axis and
L1=e >= 20 (L1 is the tunnel depth) to ensure the
two-dimensionality of the 
ow.

5. The PIV measurements

The experimental data are obtained by fast PIV mea-
surements in a transverse plane to the jet (Figure 4).
A high-frequency acquisition system is used because of
the high frequency of the phenomena that occurred.
Measurements by fast PIV are performed using a
system marketed by LaVision. For a good resolution of
the total velocity �eld of the 
ow, PIV measurements
were considered in 9 areas of the jet, as shown in
Figure 5. The size of each measurement plane x � y
is 13 � 13 cm2. The 
ow is seeded with sprayed olive
oil tracer particles with compressed air at 4 bar. The
size of tracer particles is equal to 5 �m approximately.
These particles are then illuminated by 5 W power
continuous laser, which delivers a beam of wavelength
equal to 532 nm. This beam is then diverged by means
of a semi-spherical lens for generating a laser sheet of
1 mm thick. This laser is synchronized with a camera of
high frequency, High Speed Star 6 (HSS6), which allows
recording images of the 
ow doublets (tracer particles)
at a frequency of up to 50 kHz. The resolution of the
camera CCD sensor is equal to 1024 � 1024 pixels.
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Figure 5. Areas of PIV measurements.

The camera is equipped with a Nikon lens 1:2.8 and
a focal length of 50 mm placed at a distance of 30 cm
to the measurement plane. The recorded images are
then decomposed into several interrogation zones of
16 � 16 pixels in size, whereas there is a 50% overlap
between two images of the same pair. The size of the
interrogation zone is adjusted adaptively to allow for a
better estimate of the velocity of the 
ow. A processing
algorithm based on the method of cross-correlation
between the images of the same pair is used to estimate
the probability density function of the particle displace-
ment in the same interrogation zone and, subsequently,
to estimate the velocity vector in each interrogation

zone considering the size of the last metric in length. To
increase the number of velocity vectors, an analytical
method for considering a 50% overlap between two
areas of the same pair is used. Then, 12500 snapshots
are used in order to obtain the mean velocity �elds and

uctuating quantities. Table 2 summarizes the �xed
parameters for the use of fast PIV.

6. Results and discussion

Figure 6(a)-(d) show the numerical results of mean
velocity contours that have been obtained using four
di�erent turbulence models. All of them, except k-!
model, can predict the location of the formation of a
single jet, where the two jets merge into one another,
acting as a single jet (highlighted with an ellipse in
Figure 6(c). The weakness of the k-! model is related
to its inability in a free jet problem, because it could
not predict the di�usion phenomenon well. The narrow
area between the two jets is where they gradually merge
together. After the complete integration of the two jets
(formation of a single jet), the narrow area disappears.
However, before the complete integration of the two
jets, the 
uid between the two jets is pulled into the
jets due to shear stress; therefore, velocity in this region
is lower than that in the jet center. Moreover, Tur-
bulent Kinetic Energy (TKE) contours are presented
in Figure 7. All models predicted a similar procedure
of variations for TKE. The main di�erence between
the aforementioned models lies in predicting TKE in
the impingement region. The k-" and k-"-RNG models
predict about 1.6 m2/s2 and 1.1 m2/s2 for TKE in this
region, respectively (the parts are shown in ellipses in
Figure 7(a) and (b), while two other models predict
much lower values in the impingement region (about
0.1 m2/s2). Predictions similar to our predictions for
TKE were reported in [17].

Table 2. Characteristics of PIV acquisitions.

Focal length of the lens (mm) 50

Dimension measurement plan (mm2) 130� 130(� 4e� 4e)

CCD sensor resolution (pixels) 1024 � 1024

Size of the interrogation zone (pixels) 32 � 32

Size of the interrogation zone (mm2) 4� 4(� e=8� e=8)

Overlap between the interrogation zones 50%

Number vector in the velocity �eld 64 � 64

Spatial resolution of the velocity vectors (mm) 2(� e=15)

Measurement accuracy for a con�dence interval of 95% �5%

Acquisition frequency (Hz) 2500

Number of pairs of recorded images 5000
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Figure 6. Contours of mean velocity magnitude using di�erent turbulence models: (a) k-", (b) k-"-RNG, (c) k-!, and (d)
k-!-SST.

Figure 7. Contours of turbulence kinetic energy using di�erent turbulence models: (a) k-", (b) k-"-RNG, (c) k-!, and (d)
k-!-SST.

Figure 8(a)-(f) present experimental data and
numerical simulation results of the four aforementioned
turbulence models for streamwise pro�le variations in
di�erent horizontal sections. Once the 
uid jet leaves
the two nozzles, shear layers of the two jets appear and
generate some instabilities. As the 
ow gets closer to
the impinging wall, the two jets would have further
entrained with each other; therefore, at y=e = 7, the
two jets behave as if they are a single jet with the
maximum velocity at the center of the jet. From this
point on, the 
ow behavior can be accounted for as

that of a single jet. As the 
ow goes further close to
the impinging wall, the stagnation 
ow area appears
and vertical velocity at the center of the jet is reduced,
making a smoother vertical velocity pro�le.

By comparing the four di�erent turbulence mod-
els, it was observed that, at y=e = 2:67 and y=e = 3:33
sections, the prediction results of the turbulence models
were approximately in accordance with the experi-
mental data, particularly for a zone near the midline
separating the two jets (Figure 8(a) and (b)). For zones
away from the midline (jx=ej > 1), where no dominant
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Figure 8. Streamwise pro�les at di�erent sections along x direction for di�erent turbulence models and experimental data.


ow is identi�ed and velocities are much smaller than
those of the zone near the midline (jx=ej < 1), the
results obtained by k-"-RNG and k-!-SST models,
compared to those of the standard k-" and k-! models,
are highly in agreement with the experimental data.
For the k-"-RNG model, the modi�cations applied to
the standard k-" model lead to a modi�ed model,
considering di�erent length scales when calculating the
di�usion term so that one could end up with more
accurate di�usion term calculations of the shear layer
area and beyond; this results in highly accurate velocity
calculations at farther distances from the midline,
where smaller turbulent structures are dominant.

Figure 9 shows the TKE at di�erent sections.
As shown in Figure 9(a)-(c), for the distance starting

from the point at which the 
uid leaves the nozzle and
extending up to y=e = 5, TKE is at its maximum
and minimum values in shear layers (0:4 < jx=ej <
0:7) and potential cores of the jets, respectively. For
the shear layers, the best and worst TKE predictions
are found to be those of RNG and k-! methods,
respectively. Going farther from the midline of the jets,
the results of k-!-SST method tend to gradually show
the highest accordance with experimental data. In the
area between the two jets where the shear layers of the
two jets impinge against one another, due to the forma-
tion of Kelvin-Helmholtz instabilities, TKE increases
slightly. Within this area, except for the k-! model,
the results of all models are almost identical and TKE
is underestimated with reference to the experimental
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Figure 9. Turbulence kinetic energy pro�les at di�erent sections along x direction for di�erent turbulence models and
experimental data.

data. The di�erence between experimental data and
simulation results increased at farther distances from
the jet nozzles. For the investigated models, the highest
error values associated with k-", k-"-RNG, k-!, and k-
!-SST models within the free jet area and for y=e = 5,
jx=ej < 0:2 are calculated to be 73.44, 73.12, 86.67, and
73.44%, respectively. These values have been obtained
using Eq. (1):

error =
j(y=e)max;experimental � (y=e)max;numericalj

(y=e)max;experimental

� 100: (1)

At farther distances (i.e., y=e > 8, Figures (8)d-(f) and

9(d)-(f)), the two jets merge into one another, acting
as a single jet. In this area, due to the existence of
the potential core of the jet, the jet 
ow at jx=ej < 0:5
shows minimum turbulence intensity, and TKE value
is maximum at the two boundary layers, which are
formed on the two sides of the jet. As be seen in
Figures 8(d)-(f) and 9(d)-(f), k-"-RNG model is closest
to the experimental data, both within the jet's core
area and at the single jet's shear layer. At near
wall areas where jx=ej < 0:2, the 
ow incurs the
largest normal strain as it touches the wall and returns
vertically. The obtained results indicate that the k-"
and k-"-RNG models behave better, while the k-!-SST
model has the largest errors in estimating TKE in this



M.A. Modaresi et al./Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 3271{3282 3279

area (jx=ej < 0:2). Compared to the k-"model, the k-"-
RNG model is found to enjoy higher accuracy for shear
layer areas. The largest error values are associated with
the k-", k-"-RNG, k-!, and k-!-SST models within the
single jet area; in addition, for y=e = 9:33, jx=ej < 0:2,
they are calculated to be 8.6, 30.5, 81, and 78.1%,
respectively. These values are obtained using Eq. (1).

At farther distances from the midline, near the
wall, what is referred to as wall jet develops. Within
this area, the jet's vertical velocity transforms into
near-wall horizontal velocity as it touches the wall,
developing a boundary layer. As a result, turbulence
intensity increases within this area (Figure 8(f)). In
the wall-jet area, the best TKE predictions are once
more obtained through the k-"-RNG model. Closely
following the k-!-SST model, the k-" model is also
better than k-!.

Figure 10 shows the general structures of the
streamlines of mean 
ow in impinging twin jets. In
order to further compare the models, the position
where the primary vortex was developed along the

ow was both experimentally and numerically studied.
Figure 11 shows the obtained streamlines using k-"-
RNG model for half of the solution domain. As can
be seen, as the 
ow touches the lower wall and returns
upward and considering the con�nement of the twin jet

ow impinging against the wall, a primary, large vortex
develops, around which the average 
ow circulates.
The comparison between the predicted vortex center
and the experimental data indicates that the results of
k-!-SST, k-"-RNG, k-", and k-! (expressed in order of
decreasing accordance) are in good agreement with the
experimental data, respectively (see Table 3).

When the two jets leave the nozzles, �rst, their
boundary layers impinge against one another (Fig-
ure 12). Table 4 presents a comparison between
the �rst impinging position of the boundary layers of

Figure 10. Streamlines of mean 
ow using k-! to
investigate the center of the main vortex.

Figure 11. Coordinates of the center of the main vortex
obtained from k-"-RNG model.

Table 3. Coordinates of the center of the main vortex
obtained by di�erent turbulence models.

Coordinates
Models x=e y=e

k-" 14.67 5.33
k-"-RNG 17.67 5.17
k-! 12.33 5.33
k-!-SST 22 5.5
Experiment 18.23 5.43

Figure 12. Location of coinciding boundary layers of two
jets obtained by k-"-RNG model.

Figure 13. Location of merging two initial jets using
k-"-RNG model.

the jets as predicted by di�erent numerical models
and those measured on experimental data. As can
be observed, the results of k-"-RNG model represent
better estimations in terms of the extension of shear
layers of the jets and their integration. Eq. (1) is used
to compute the di�erences given in Table 4.

Another comparison made concerning the results
of numerical models is focused on the point at which
the two jets fully merge to form a single jet (Figure 13).
Table 5 shows the position at which the two jets
merge, as estimated by di�erent numerical models and
numerical results. As can be inferred from the results,
three models (k-!-SST, k-"-RNG, and k-") showed
relatively similar results, even though k-" model was
associated with slightly more accurate results than the
other two models. The important point is that the k-
! model is unable to model the merging of the two
jets, predicting separate jets up to a position close to
the wall. Based on the results reported in Table 5,
the proposed numerical models in the present paper
overestimated the distance from the jet nozzle existing
at which the two jets merged to form a single jet; this
is because of the incapability of the models when it
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Table 4. Location of the concurrent boundary layers of two jets obtained by di�erent turbulence models.

Models
Location of coinciding

boundary layers of two jets
(y=e)

Di�erences (%)

k-" 0.15 10.2
k-"-RNG 0.17 1.8
k-! 0.18 7.8
k-!-SST 0.16 4.2
Experiment 0.167 |

Table 5. Location of merging two initial jets using
di�erent turbulence models.

Models
Location of
merging two

initial jets (y=e)
Di�erences (%)

k-" 8.33 19
k-"-RNG 8.35 19.3
k-! | |
k-!-SST 8.5 21.4
Experiment 7 |

comes to decelerating region simulation due to large
pressure gradients and overestimated velocities within
the region. Eq. (1) is used to compute the di�erences
given in Table 5.

As can be seen from the results shown in Fig-
ures 10 and 11, there are rather large di�erences
between the simulated results and experimental results.
The reason is related to turbulence modeling. It
seems that the two-equation models are not capable
to correctly and accurately predict such 
ows due to
high curvature of streamlines, the existence of shear
layers and large pressure gradients, and also back
ow
in the impinging turbulent 
ow of twin jets.

7. Conclusion

In the present paper, impinging turbulent twin jet
air 
owing at a Reynolds number of 13500 and at a
nozzle-to-plate distance of 10 times the total width of
nozzles (20 times the width of each nozzle) was two-
dimensionally simulated using four turbulence models:
standard k-", k-"-RNG, k-!, and k-!-SST models.
The four models were used to predict average velocity,
kinetic energy, primary 
ow vortex center, the point
at which shear layers of the two jets impinge against
one another, and the position where the two jets merge
to form a single jet. The results were then compared
against two-dimensional PIV experimental data, which
were also undertaken by the authors.

The results indicated that all four models were
capable to simulate the 
ow within a free jet region.

However, in an area closer to the impinging wall,
the di�erences between the experimental data and
simulated results increased gradually. At the moment
when the distance at which the two jets merged into a
single jet, the best predictions were those obtained by
k-"-RNG model, and the worst results corresponded to
the k-! model.

Nomenclature

e Total width of the twin jet (m)
H Tunnel height (m)
L Tunnel length [10H] (m)
Re The jet Reynolds number (for each

stream)
Ux Mean velocity in the x direction

(ms�1)
Uy Mean velocity in the y direction (ms�1)

U0 Velocity at the nozzle exit (ms�1)
K Turbulence kinetic energy (m2s2)
D Diameter of each nozzle [1]
x; y; z Cartesian coordinate system (m)

Abbreviations

TKE Turbulence Kinetic Energy
RANS Reynolds-Averaged Navier-Stokes
PIV Particle Image Velocimetry
LDA Laser Doppler Anemometer
FDS Fire Dynamics Simulator
LDV Laser Doppler Velocimetry
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