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Abstract

Jet mixing ventilation using air is a well-known technology for providing thermal comfort in indoor environments. Jet diffusers are designed to
maximize the effective dispersion of clean air and thermal energy for air conditioning or heating in an inhabited room. Jet diffusers are designed
to improve mixing between jets and surrounding air and take aspects of aesthetic into account. However, the existing studies mainly focus on
single jets or conventional multi-jet diffusers, and few studies have examined how central jet shape affects heat comfort and dynamic homogene-
ity. This paper presents a novel comparison of two multi-jet diffuser configurations. Both configurations consist of six peripheral jets of similar
geometry, but the central jet is designed differently, one with a lobed central jet and the other with a swirling central jet. The originality of this
work lies in the systematic evaluation of these diffuser designs from experimental and numerical points of view, concerning their influence on
dynamic homogenization and thermal comfort. This work is different from earlier studies in that it uses multiple turbulence models, such as
the RNG k-¢, the standard k-w, the (k-w) SST and the RSM models to decide the best predictive method for jet interactions. It was found that
the swirling diffuser improves thermal comfort and dynamic homogenization significantly without any increase in the pressure drop and sound
pressure level as compared to the lobed diffuser. Quantitative results show that the swirling central jet improves the axial dynamic and thermal
homogenization by about 20% and the radial dynamic and thermal homogenization by about 10% with respect to the lobed configuration.
Furthermore, the present study shows that the Shear Stress Transport k-w SST model can accurately predict the complex flow structures and
thermal characteristics of multi-jet diffusers, which can be a useful tool to optimize the geometric parameters of lobed and swirling perforated
panels in heating, ventilation, and air conditioning systems. Also, the k-w SST model showed better agreement with experimental data with
root mean square error values of 0.0368 for axial velocity and 0.0384 for axial temperature. The results offer new insights into diffuser design
strategies for better indoor air distribution and energy efficiency.
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1. Introduction

This section should provide a clear background, the rationale
for the study, and a comprehensive literature review. State
the aims of the work clearly at the end of this section. The
enhancement of the performance of devices and processes
in many industrial sectors requires heat transfer efliciency.
This has improved techniques such as longer fins, special heat

sinks, fluid modifications, jet patterns, etc. [1-4]. A multiple
jet configuration is the emission of two or more jets from a
common exit plane. The jets are spaced a distance apart. The
reasons for these setups. They improve the mixing and help in
reducing the jet noise, which is important to meet stringent
noise requirements. Many high-performance airplanes have
different jet configurations. These designs generally employ
booster rockets beneath the wings to aid take-offs from shorter
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runways. Multiple jets are involved in many applications. A signif-
icant part of rocket engine exhaust plumes with strap-on boosters.
These technologies are also widely used in film-cooling applications
to the walls of combustion chambers [5-11], turbine blades, and
re-entry vehicle nose cones. Besides, the micro-blowing technique
is meant to reduce the skin friction drag and it is made of many
jets. Many practical applications also employ multiple jets such as
heating, ventilation and air conditioning, glass shaping, tempering,
paper processing and textile drying. However, current research fo-
cuses mainly on single jets or standard multi-jet diffusers. Moreover,
minimal study has been conducted about the influence of central jet
shape on thermal comfort and dynamic uniformity.

In this paper, a new comparison is made between two configura-
tions of a multi-jet diffuser with six peripheral jets of similar geom-
etry but different core jet shape, one with a lobed central jet and the
other with a swirling central jet. The particularity of this study is the
complete experimental and numerical assessment of various diffus-
er designs about their impact on dynamic homogeneity and thermal
comfort. The present study differs from the earlier studies in that it
includes different turbulence models, for instance, the RNG k-¢, the
k-w SST, the standard k-w, and the RSM models. To see what the
best way is to forecast jet interactions the most correct. As part of
their research, Meslem et al. [12] investigated twin cross-jets and
compared them to twin circular jets while keeping the same start-
ing Reynolds number and separation distance. The cross-lobed jet
interactions are more efficient and occur earlier than the circular jet
interactions. The lobes produced a flow rate 3 times higher than the
circular twinjet. In addition, the cross-jet arrangement led to more
uniform flow distribution and longer reach for both twinjet and
row jet configurations. Nastase and Meslem [13] investigated the
effect of vortex dynamics on induction in the first regions of circular
and lobed jets issuing from a lobed nozzle. Their study highlighted
the significant role played by longitudinal structures throughout
the induction procedure. About circular jets, the induction was
strongly dependent on the occurrence of the Kelvin-Helmholtz
ring structures. In the lobed jets this effect was not so important.
In another work, Meslem et al. [14] studied the induction enhance-
ment of two-lobed jets over a normal circular jet with a constant
flow rate and nozzle size. Three types of nozzles have been tested: a
circle reference, a straight uninclined lobed and a double-inclined
lobed nozzle. The second nozzle gave an improvement in induction
up to four times greater, the first nozzle giving about 70 % of this
improvement. Sajadi et al. [15] carried out a numerical simulation
of airflow in swirling diffusers. A parametric study was carried out
to explore the impact that geometric parameters have on the pro-
ductivity and efficiency of the diffuser induction. This was done to
find out about this effect. The results clarified the effect of diffuser
geometry on flow behavior and mixing performance. Nastase et
al. [16] applied the Draft Risk (DR) index to evaluate what effect
a square air propagation grid with lobed fins has on the comfort of
the ambient space that surrounds it. This grid showed an increase in
the DR values in populous areas, different to standard straight-wing
grids. Bennia et al. [17] tested several nozzle designs for efficiency

of performance. The examination of the jet axial velocity profiles
proves that the diffuser with angled lobes eases a more uniform flow.
In a related study, Bennia et al. [18 and 19] recommended the use
of lobed diffusers to improve air dispersion in buildings. The nu-
merical results of RNG k-g and k-w SST models were well matched
with the experimental data. These results show possible uses of
lobed jets in residential HVAC systems. Xu et al. [20] examined the
flow behaviors of jet pumps with different nozzle geometric shapes
by the Realizable k-¢ model and finite volume method. They found
that the use of non-circular nozzles decreased the recirculation
zones and the frictional losses and increased the mixing efficiency.
The flow and temperature fields for different jets on a heated plate
were investigated by Draksler et al. [21] using an LES model. They
found that heat transfer was governed by convective cooling due to
tangential flow and quasi-periodically by severe quenching due to
large scale vortices. Radhouane et al. [22] performed simulations of
two inclined elliptical jets issuing non-reactive smoke into a cooler
uniform flow. The turbulence modeling was done by using finite vol-
ume approach with Reynolds Stress Model (RSM). The mixing and
dynamics of jets have been studied extensively in applications such
as ventilation, heating and air-conditioning systems. The velocity
profiles were broader at higher temperature, with an increase in jet
dispersion and flow field homogeneity. Medaouar et al. [23] studied
experimentally and numerically a core lobed jet with six peripheral
lobes. The researchers discovered that jet mixing altered the velocity
and temperature inside the mixing zone, resulting in enhanced dis-
persion. Simulations were performed according to RANS equations
with k-omega SST model. OpenFOAM code was used by Kannan
and Panchapakesan [24] to simulate a maximum of five individual
circular jets. It has been proved via the results that the standard k-¢
model is capable of properly recreating the main flow characteristics.
These characteristics include the reduction in axial velocity, second-
ary flows, flow entrainment and turbulent kinetic energy. Depuru
Mohan et al. [25] similarly investigated mixing in single lobed and
multiple jet configurations (circular and lobed) using the k- model
at identical flow rates. Temperature was a passive scalar. They found
that the lobed jets provided better mixing because of their shorter
core lengths and higher entrainment velocities. The steady momen-
tum flux between the jets also enhanced overall mixing. The thermal
comfort and the airflow behavior of a ceiling-mounted three-cone
diffuser with lobes was studied by Braganca et al. [26]. This arrange-
ment provided improved comfort without increasing the pressure
loss or energy consumption compared to conventional diffusers in
heating conditions. Khelil et al. [27] studied asymmetrically dis-
posed swirling jets with first and second order turbulence models. It
was found that the RSM model could capture the mean flow features
better. Swirling jet interactions improved the temperature distribu-
tion and jet propagation near the blowing diffusers. Braikia et al.
[28] investigated different swirling jet configurations to enhance
thermal homogeneity by varying the position of air-blowing sourc-
es. In their results the central jet was important to get consistent
temperature dispersion.
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The main findings of their study were:

. In twin swirling jet configurations, the spacing between
blow orifices varied to reduce the radial temperature
differences. It also enhanced jet spreading and thermal
homogenization. Moreover, the spacing was changed
dynamically, which resulted in lower blowing velocities,
delayed jet merging and higher fluctuation intensity.

. The decline in temperature for multiple swirling jets (3
and 4 jets) arranged in a triangular configuration was sig-
nificantly less than that compared to single jets.

. This occurred because of the interaction that took place
between the center jet and the boundary jets that were in
proximity to it. The interaction enhanced the mixing and
resulted in a more homogeneous temperature gradient.

. In the far-field region a significant change of flow behavior
was seen. The formation of seven spinning jets was partic-
ularly effective. In this paper, the velocity and temperature
profiles of two different jet designs are presented. The first
configuration is a center-lobed jet and six equally spaced
peripheral-lobed jets. The second configuration consists
of a core swirling jet encircled by six equidistant lobed
jets. Both the configurations are tested with ANSYS-CFD.
The analysis is concerned with their possible application
in systems of domestic ventilation, heating and air-con-
ditioning.

2. Experimental method

The experiments were conducted in a specialized facility designed
to study multiple impinging lobed jets, as depicted in Figure 1. The
setup was housed in a controlled environment within a room mea-
suring 3.9 m x 3.75 m x 2.95 m (L x W x H), ensuring insulation
from external disturbances to keep a stable ambient temperature.
The configuration included a frame equipped with a device to di-
rect hot air downward, with the arrangement of diffusers varying
based on the specific configuration under examination. Velocity and
temperature measurements were obtained using a VelociCalc Plus
Model 8385A multifunctional thermo-anemometer, which features
a probe capable of capturing parameters such as pressure, velocity,
and temperature. The measurements were displayed or recorded via
a computer for later statistical analysis. The thermal sensor’s tem-
perature measurement accuracy was +0.1 °C, and the velocity accu-
racy was +0.015 m/s. The probe was mounted on rods that allowed
vertical and horizontal movement, enabling comprehensive axial
and radial temperature and velocity measurements. Additionally, a
digital thermometer placed outside the experimental room provid-
ed real-time readings of the ambient temperature (Ta).

The experimental setup was carefully designed to ensure precise and
reliable data collection, supporting later numerical and analytical
investigations. All experiments were performed under uniform
heat flow conditions, keeping a Reynolds number of approximately
2x104 for each diffuser. The jet outlet temperature was consistently
set at 363 K, and the first axial jet velocity was kept at 8 m/s. The

study focused on a multi-jet system forming two distinct configura-
tions, according to the information shown in Table 1.

Table 1. Studied configurations

. Seven air jet diffusers with lobed geometry, one of which is

Configuration 1 . .
central and six peripherals.

Six peripheral air jet diffusers with lobed geometry and a

fi ion 2
Configuration central diffuser with swirling geometry.
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Configuration 2

Where D The diameter of the nozzle is

equal to 0 04 m
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Figure 2. The lobed diffuser
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Vane support
0.0017 m

Figure 3. The swirling diffuser
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The design specifications of the lobed diffusers used in this investi-
gation are depicted in Figure 2. Each diffuser has a circular tube with
a 40 mm diameter and a daisy-shaped exit. A total of 6 sinusoidal
troughs and 6 inclined lobes with parallel faces are included in the
exit plane. The internal penetration angle (0int) is 22°, while the
external penetration angle (Bout) is 14°. There are 15 millimeters
of length and 6 millimeters of height in each of the lobes. Figure 3
shows a swirl nozzle consisting of twelve aluminum vanes mounted
on an aluminum holder with a diameter of 0.022 meters. The vanes
are positioned at specific inclination angles to induce a vortex effect:
the first set of vanes is inclined at 30° relative to the jet axis, and the
second set is inclined at 60° relative to the flow plane.

3. Numerical simulations
3.1. Solution procedure

The solution method employs ANSYS Fluent for conducting tur-
bulence simulations. The control volume approach is used to solve
the three-dimensional Navier-Stokes equations, incorporating the
effects of pressure, temperature, and turbulence. An implicit pres-
sure-based solver is implemented, with the SIMPLE algorithm ap-
plied for pressure-velocity coupling.

3.2. Mathematical modeling

In this study, overbars or capital letters are Reynolds-averaged quan-
tities, while primes or lowercase letters show fluctuating compo-
nents. The dimensionless form of the Reynolds-averaged governing
equations, applicable to steady and incompressible flow, is provided
below [36-40]:

ZASH

ax 7" W
a (UIU)) _ 5 P + a [ ( a Ui + a UJ > [ (2)
an - aXi aXJlu an aX; - o 1
dT _ 0 [, 0T —
pCPUi a X - a X l}\ a X ) pCp Ui T ] (3)

where Ui and T are the average velocity and temperature, respec-
tively; u;’,u;'and T'are the fluctuation components; -ou;'u;" and
-0C,u,'T" corresponds to the mean Reynolds stresses and turbulent
heat fluxes that must be modelled to get the equations to a conclu-
sion that may be considered definitive. An exact expression of the
Boussinesq hypothesis may be found in the following equation. This
hypothesis sets up a connection between the average velocity gradi-
ents and Reynolds stresses.

i aUJ’ i
( %g,l + % )-%(pk+ ”‘—%2 >6i; (4)

o'y’ =

In this equation, turbulent kinetic energy is denoted by the symbol
k.

k= %ui 'ui,and Oy is the identity of the tensor. The Boussinesq
method has several advantages, one of which is that the computa-

tion of the turbulent viscosity involves a relatively low computing
cost. It is problematic in that it presumes that is an isotropic scalar
variable which is not necessarily the case. The k-¢ model is an equa-
tion model based on the Boussinesq assumption.

Here, four turbulence models: k-w Standard model, k-w SST model
RNG k-¢ model and the RSM model, have been employed [29-35].

4. CFD simulations
4.1. Meshing and calculation domain

In general, the choice between hexahedral and tetrahedral grids de-
pends on the complexity of the domain. In this study, a tetrahedral
mesh was selected to accommodate the intricate geometry of the
nozzles (refer to Figure 4). It’s important to highlight that generating
a structured grid might pose challenges and consume a significant
quantity of time. Consequently, the use of unstructured grids is
considered as an alternative. While this approach may lead to in-
creased memory usage, it is well-suited for accurately being complex
domains, such as the one under consideration in this study.

-
=

symmetry

A-Inlet ; B-Outlet

Figure 4. Computational domain meshing

4.2. Mesh size independence

Before starting the simulations, it is imperative to set up a proper
grid density to ensure correct results. The grid resolution is decided
through a grid-sensitivity analysis employing four different grids,
ranging from coarse to fine (refer to results in Figure 5 and details in
Table 2) [36]. The analysis is streamlined using the k-w SST model.
Figure 5 illustrates a comparison of the four grid densities (mesh 1
to mesh 4), with the corresponding number of cells highlighted in
bold in Table 2. Notably, grids 1 and 2 exhibit considerable varia-
tions in results compared to grids 3 and 4. It’s essential to emphasize
that this grid-sensitivity analysis was replicated for configuration 2.
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Following the evaluation of outcomes, Grid 3 was chosen for lat-
er numerical simulations. It is worth mentioning that the selected
meshes’ wall coordinate y+ values are less than one, and the conver-
gence requirement for the calculated residues is less than for turbu-
lent energy and for every other parameter. This figure also illustrates
the axial development of the mean velocity U. As predicted, each
design has a suitable density. Consequently, the remaining part of
the study, an individual grid was chosen for each configuration since
it provides a precise resolution and any increase in mesh density has
no effect on the quality of the results. As a result of this, based on the
data, it has been determined that increasing the mesh density does

not have any effect whatsoever on the quality of the results.

Table 2. Tested meshes

Configuration 2 Configuration 1

Mesh 1 1121713 1432484

Mesh 2 2008829 2364726

Mesh 3 3548113 3157363

Mesh 4 4427238 4630112
" Conf2 & Meh

02

0+ 0+
810 12 14 % 18 D 002 4 6 8 012 1 18 N
P p

Figure 5. Mesh effect for the axial velocity of configuration 1 and

axial temperature of configuration 2 with the k-w SST model

4.3. Boundary conditions

Listed below is a compilation of the boundary conditions that were

developed for the turbulence models that were used in this investi-

gation:
. Inlet velocity: 8 (m / s)
. Inlet temperature (K) 363.
. Turbulence intensity: 5 (%).
. Reynolds number: 20000
. Convergence criteria: Energy =10", other parameters =

-4

10

4.4. Solution approach

In our calculations, we applied continuity, momentum, energy, and
turbulence equations as governing principles. Utilizing the CFD
software ANSYS Fluent [41] and the SIMPLEC algorithm, we sup-
posed that the air flow was steady, incompressible and turbulent. A
verified inlet Mach number below 0.3 confirms this assumption. The
transport equations’ diffusion terms were approximated using a cen-
tral second-order difference, while advection terms were managed
through a second-order upwind numerical scheme. Convergence
was set up by monitoring global residuals, with the solution con-
sidered reliable when these residuals decreased by over five orders
of magnitude, and the quantities of interest reached steady-state
values.

5. Results and discussion
5.1. Experimental analysis

Inthefirstsegment, our focusison presenting the experimental results
related to the dimensionless temperature T, = (T;- T.)/( Tuex - T0)
and velocity (U, = U;/U,.) (obtained from studying the inter-
action of seven free lobed jets (forming a central jet and six sur-
rounding jets) forming two distinct configurations. It is essential
to highlight that measurements of axial and radial temperature, as
well as velocity, were taken in both the main and radial directions.
A detailed comparison of these profiles for the two configurations is
shown to illustrate the influence of the center jet in relation to the
surrounding jets on the dynamics and thermal characteristics.

5.2. Numerical simulation

In the next section we present the numerical simulation of the two
above-mentioned set-ups. This also includes the use of the previ-
ously described RANS models. A quick description of these models
is given to evaluate their respective efficiency. The numerical sim-
ulation is intended to complement and confirm the experimental
results and to make a significant contribution to a comprehensive
understanding of the flow dynamics and thermal performance with-
in the researched configurations.

5.3. Experimental results

5.3.1. Axial profiles of temperature and velocity

The axial distribution of reduced velocity and temperature for two
identical setups having similar nozzle sizes and operating circum-
stances are shown in Figure 6. These profiles show the fluctuations
of the velocity and the temperature along the axial line from the
outflow of the nozzle. The profile comparison between setups shows
some changes in the behavior of the velocity and temperature along
the axial direction. The axial station (Z/D) can be used to classify
the flow features of an axial jet into three regions: Velocity and tem-
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perature are constant from the nozzle exit to the jet diameter. Jets
are not interwoven, remain autonomous. Further downstream Z/D
= 2, the axial velocity reduces rapidly, and the temperature reduces
to 7 jet diameters. A transfer of energy from the axially direction
to the radially direction is carried out via the jet interplay causing
mixing and dispersion, which reduces velocity and temperature.
Beyond Z/D > 7, the gradients in velocity and temperature decrease,
suggesting stabilization. Profiles are not so accentuated to suggest
a flow evolution towards a stationary state with little axial velocity
and temperature variations. Comparing the configurations, config-
uration 2 has a faster drop of axial velocity than configuration 1 at
any axial location. The reduction in velocity as well as temperature
is a sign of a radial transfer of energy implying stability and homo-
geneity of the ensuing flow parameters away from the jet source.
The reduction of axial velocity is mainly due to the higher turbu-
lent mixing and the jet expansion. In the present configuration, the
swirling jet at the center induces quick entrainment of ambient air
hence increasing turbulent diffusion and leading to a faster decay
of the axial momentum. The interaction that occurs between the
swirling central jet and the adjacent lobed jets promotes shear layer
production, hence enhancing velocity decay along the jet axis.

—a—Conf-1

—— Conf-2
08

0.6 -

Ur
044

024 02

00
02 4 6

e 00 T T T T
810 12 14 16 18 20 0 2 4 6 8 10 1214 1 18 2
P

Figure 6. Experimental velocity and temperature profiles in the
axial direction

5.3.2. Radial profiles of velocity

Figure 7 presents the measured radial velocity profiles along the Z
direction for six different axes (Z/D = 1, 3, 5, 7, 12, 18). It is seen
that the highest and lowest velocities, near the diffuser exit, display
sharp peaks and troughs near the blowing surface (Z/D < 7). When
the minimum velocity is induced, a recirculation zone forms near
the exit of the diffusers (at smaller axial stations, Z/D < 7). The jets
begin the mixture at the axial station Z/D = 3, and the decrease in
maximum values is balanced by an increase in the lowest values.
Once Z/D = 12 is reached, the velocity profiles begin to stabilize,
resembling those of a single jet.
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Figure 7. Experimental radial velocity profiles

5.3.4. Radial profiles of temperature

Figure 8 shows the radial temperature profiles measured along the
7 direction for six different axes (Z/D =1, 3, 5,7, 12, 18). At Z/D =
1 and Z/D = 3 stations, the maximum temperature is achieved near
the blowing orifices (Z/D = 1), displaying significant amplitudes,
because the jets have not yet merged at this location. Moving in the
axial direction, these amplitudes steadily diminish from one station
to the next once Z/D > 3, and the irregularities in the curve grad-
ually reduce as well, which suggests that the beginning of thermal
stability has occurred. After Z/D = 12, the temperature profiles tend
to level off, showing a homogeneous thermal flow. The temperature
of the produced jet converges to the component’s ambient tempera-
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ture when seen axially, in the direction of flow, about 18 times the
diameter of the jet is present.

10 10
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Figure 8. Experimental radial temperature profiles.

Compared to configuration 1, configuration 2 displays a significant-
ly greater expansion in the occupied zone. This expansion becomes
particularly clear when seeing the system from Z / D = 5 onwards.

5.4. Numerical results

5.4.1. Velocity and temperature (axial distribution)

Figure 9 and 10 provide a comprehensive comparison of the evolu-
tion profiles for temperature and axial velocity, respectively, as cal-
culated by four numerical models (RNG k-& model, k-w SST model,

RSM model, and k-w standard model). The analysis reveals that all
models show commendable agreement with experimental results
in predicting axial velocity and temperature characteristics in the
near field. However, a substantial disparity appears in the far field,
particularly in the calculated versus measured temperature values.
Remarkably, the k-w SST model stands out as the most correct in
predicting flow characteristics, proving consistent alignment with
experimental observations at both the close and distant fields. Con-
sequently, the k-w SST model is chosen as the preferred model to
advance numerical study, ensuring a more reliable representation of
flow behavior in later analyses.

I e B s e e B
0 2 4 6 8 10 12 14 16 18 20

Z/D

Figure 9. Comparison of axial temperature profiles of configuration
1 from RNG k-¢, k-w SST, k-w standard, and RSM models with
experimental measurements

1.0
| Conf.-2 —8—k-w SST
—8—RSM
0.8 7 —A—RNG k-¢
b k-w Sta
0.6 — —=—Exp

00 4T T 1T T T T
0 2 4 6 8 10 12 14 16 18 20

Z/D

Figure 10. Comparisons of axial velocity profiles for configuration 2
from the RNG k-¢, k-w SST, k-w Standard, and RSM models against
experimental findings
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5.4.2. For the configuration 1 (axial distribution)

The RMSE (Root Mean Square Error) between the k-w SST model
and experimental results for Configuration 1, as shown in Figure 11,
is calculated as follows:

For Axial Velocity: RMSE = 0.03682659

For Axial Temperature: RMSE = 0.04733779

These values are the quantitative measure of the disparity between
the numerical results of the k-w SST model and the corresponding

experimental data for axial velocity and axial temperature in Con-
figuration 1.

0.0

LI T
0 2 4 6 8 10 12 14 16 18 20
p

LI
0 2 4 6 8 10 12 14 16 18 20
Z

Figure 11. Profiles of axial velocity and temperature, as measured
experimentally and computationally for configuration 1

5.4.3. For configuration 2 (axial distribution)

For Configuration 2, the RMSE between the k-w SST model and
experimental results, as depicted in Fig.12, is calculated as follows:

For Axial Velocity: RMSE = 0.05647388
For Axial Temperature: RMSE = 0.03845925
These values quantify the degree of deviation among the numerical

simulation of the k-w SST model and the actual experimental mea-
surements for axial velocity and axial temperature in Configuration

—— Conf.-2 —4—Conf.-2
. —o—k-wSST . ——k-wSST
064 064
Tr Ur
04 04 -
02 u.z-: :tQ!
W7 T T T T 17T W7 T T T T 17T
002 4 6 8 1012 U6 WA 002 4 6 8 1012 U6 WA
D D

Figure 12. Numerical and experimental velocity and temperature
profiles in the axial direction of configuration 2

5.4.4. Velocity and temperature (radial distribution)
5.4.4.1. For the configuration 1

The k-w SST model has proved remarkable agreement with experi-
mental data concerning primary jets within Configuration 1. To fur-
ther evaluate its effectiveness, we extend its application to secondary
jets, comparing it with experimental results at six distinct positions
(Z/D =1, 3, 5, 7, 12, 18). This assessment includes examining the
radial distribution of velocity (Figure 13) and temperature (Figure
14). The results derived from the k-w SST model reaffirm its suit-
ability for simulating lobed or swirling jets within Configuration 1.
It is worth noticing that the model reproduces the experimental data
for main and secondary jets rather well. This consistency shows the
capability of the model to be the complex flow dynamics associated
with these arrangements.
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Figure 13. Experimental and numerical radial velocity profiles of
configuration 1
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Figure 14. Experimental and numerical radial temperature profiles of configuration 1

Table 3. The RMSE between k-w SST model and experiment results for configuration 1

Radial velocity

RMS Error velocity

SST k-w
Z/D =1 0,04780824

Figure 13 Z/D =3 0,05130104

Z/D =5 0,05061047
Z/D =7 0,02907035
Z/D =12 0,02239457
Z/D =18 0,01970045

Radial temperature

RMS Error Temperature

SST k-
Z/D =1 0,07191923

Figurel4 Z/D =3 0,04322287

Z/D =5 0,0403328
Z/D =7 0,04650716
Z/D =12 0,04246837
Z/D =18 0,05640983

5.4.4.2. For the configuration 2

Figures (15 and 16) display the measured radial velocity profiles and
radial temperature profiles, respectively, for several axial stations se-
lected (Z/D =1, 3, 5,7, 12, 18). Notably, the experimental results for

swirling and lobed jets closely match the outcomes obtained using
the Shear Stress Transport k-w SST model. This alignment signifies
a strong agreement between experimental data and computational
simulations, highlighting the efficiency of the k-w SST model in nu-
merical predicting of the dynamics of swirling and lobed jets.
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Figure 16. Experimental and numerical radial temperature profiles
of configuration 2

Figure 15. Experimental and numerical radial velocity profiles of
configuration 2

Table 4. The RMSE between model k-w SST and experiment results for configuration 2

Radial velocity Radial temperature

RMS Error velocity RMS Error Temperature

SST k-w SST k-w

a Z/D =1 0,05822562 . Z/D =1 0,04591437
Figure 15 Figure 16

Z/D =3 0,038768 Z/D =3 0,05008453
Z/D =5 0,0444581 Z/D =5 0,07485766
Z/D =7 0,04216271 Z/D =7 0,07024845
Z/D =12 0,02890714 Z/D =12 0,03296566
Z/D =18 0,05178642 Z/D =18 0,05717916
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5.4.4.3. Temperature contours

Figure 17 illustrates the average temperature contours obtained
through the k-w SST model at various axial stations (Z/D =1, 3, 5,
7,12, and 18). The experimental observations reveal the presence of
three distinct zones. Initially, in the first zone spanning the diameter
of the jets’ exit, the peripheral jets begin mixing with the surround-
ing air, converging towards the center jet without mutual interaction.
Subsequently, within the second zone delineated between stations
Z/D = 3 and Z/D = 12, the jets begin to interact and amalgamate,
easing the diffusion of the resultant jet. Finally, extending beyond
station Z/D = 12, a third zone appears wherein the temperature pro-
files show homogeneity, coalescing to form a singular circular jet
profile that progresses towards station Z/D = 18. At this juncture,
the temperature of the resulting jet approximates that of the ambient
air, showing successful homogenization.

5.4.4.4. Velocity contours

Figure 18 presents a detailed view of the temperature iso-contours
based on the k-w SST model at various downstream planes Z/D
within the range of 1 to 18. The radial velocities near the blowing
device are initially non-uniform but gradually become uniform
when they are a certain distance in both radial and axial directions
from the radial velocities next to the blowing device are initially het-
erogeneous but progressively attain uniformity at a certain distance
in both radial and axial directions from the outflow jet’s surface. This
conduct underscores the influence of the lobes’ shapes and troughs,
that eases relative jet development in the main plane compared to
the secondary plane. This phenomenon is seen before reaching sta-
tion Z/D = 7, identified as the potential core region. Beyond this
point, the lobed jet transitions to behave like a circular jet, marking
the region where the flow becomes completely developed.
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Figure 17. Temperature contours are based on k-w SST model at
different positions
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Figure 18. Velocity contours based on k-w SST model at different
positions

5.4.4.5. Specific dissipation rate

For the two configurations under consideration, Figure 19 illustrates
the specific dissipation rate plotted against axial distance within the
range of Z/D = 1-18. Generally, this quantity shows a trend like that
of turbulence energy. However, the decrease in the specific dissipa-
tion rate is abrupt from the first stations, distinguishing it from the
behavior of turbulence energy. Additionally, the axial developments
vary between the two configurations. Comparatively, configuration
2 shows a more substantial reduction in this parameter compared to
configuration 1.
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S
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Figure 19. Specific dissipation rate contours based on k-w SST
model at different positions
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6. Conclusion

This article describes experiments and simulations of turbulent
thermal jets in the form of lobes and swirled intended for use in
HVAC. The study aimed to enhance the distribution of air and ther-
mal fields. The optimization process relied on thermal and dynam-
ic predictions, both experimental and numerical, for two diffuser
configurations: each featuring six comparable peripheral jets and
unique central jet geometry. All configurations had six equidistant
peripheral lobed jets, and the central jet was the only distinction
between them. Configuration 1 includes a lobed center jet, while
Configuration 2 has a swirling central jet. From the results gathered,
the later conclusions may be inferred: The axial velocity decreases
faster in the second configuration than in the first configuration,
which increases the lateral diffusion, leading to better homogeneity.
The central jet is crucial in enhancing the mixing process compared
with peripheral jets because of its ability to distribute the mixing
more uniformly and efficiently throughout the system. The results
obtained with the k-w SST turbulence model showed strong align-
ment with the experimental findings for both lobed and swirling
jets. With correct predictions of flow dynamics and thermal char-
acteristics, the k-w SST turbulence model has appeared as a suitable
tool for swiftly designing best geometrical parameters for lobed
and swirling perforated panels in HVC applications. Numerical
simulation predictions agree with experimental results on thermal
and dynamic fields and the specific dissipation rate evolutions with
distance downstream. Ultimately, the integration of optimized dif-
fuser geometries, combined with correct turbulence modeling using
the k-w SST approach, provides a robust foundation for the design
of next-generation, energy-efficient HVAC systems that prioritize
both comfort and performance. Future extensions could incorpo-
rate humidity control, air quality monitoring, or particle dispersion
research to provide a more comprehensive understanding of indoor
environmental quality. Quantitative results show that the swirling
central jet enhances axial dynamic and thermal homogenization by
approximately 20%, while radial dynamic and thermal homogeni-
zation improve by about 10% compared to the lobed configuration.
Additionally, this study proves that the Shear Stress Transport k-w
SST model effectively captures the complex flow structures and
thermal behavior of multi-jet diffusers, making it a valuable tool for
optimizing the geometric parameters of lobed and swirling perfo-
rated panels in heating, ventilation, and air conditioning systems.
Furthermore, the k-w SST model showed superior agreement with
experimental results, with Root Mean Square Error values as low as
0.0368 for axial velocity and 0.0384 for axial temperature.
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Nomenclature

D Diftuser jet diameter (m)

k Turbulent kinetic energy (m2.s-2)

P Pressure (Pa)

Pk Production of turbulent kinetic energy
Re Reynolds number

Ta Ambient temperature

Tr Dimensionless temperature

T Wall temperature (K)

Ti Jet temperature at different stations (K)
Ur Dimensionless velocity

Ui Jet velocity at different stations (m.s-1)
r Radius

SST Shear Stress Transport

t Turbulent

u Dynamic viscosity, kg.m-1. s-1

v Kinematic viscosity (m2.s-1)

€ Rate of dissipation of turbulent energy (m2.s-3)
w Specific dissipation rate (s-1)

p Density (kg.m-3)

Oint Inner penetration angle

Bout Outer Penetration Angle

RNG k-¢ Re-Normalization Group

RSM Reynolds stress model

k-w Sta Standard k-w model

k-0 SST Shear stress transport

HVAC Heating, Ventilation, and Air Conditioning
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