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Abstract 

A conventional supply principle, such as mixing or displacement ventilation, in industrial 
applications often results in low ventilation efficiency and high draught. A possible way to improve 
the ventilation efficiency in industrial premises is to implement a new type of supply system known as 
confluent jet ventilation. The confluent system can be described as a number of free jets issued in a 
plane, parallel to each other. In the proximity of the diffuser, the confluent jets behave as separate jets, 
but downstream the jets start to merge with each other and eventually behave as a single jet. The main 
advantage of the confluent jet system is its ability to conserve momentum in an efficient way. The 
high level of momentum makes the ventilation system less sensitive to mechanical disturbances and 
buoyancy forces than displacement ventilation. This effect can be used to enhance the ventilation 
efficiency. 

The purpose of this study is to investigate both numerically and experimentally the flow 
behavior of a confluent jet system in the region close to the diffuser. 

In the present study, a diffusor consisting of 36 jets with an in-line arrangement using 
equidistant spacing has been studied. The Reynolds number of the jet, based on the nozzle diameter, is 
Red = 3290. A RANS simulation using the Reynolds Stress Model (RSM) has been used to predict the 
mean velocity field and the turbulence characteristics of the confluent jet configuration. The numerical 
simulations are compared with measurements using Particle Image Velocimetry (PIV), performed in a 
region extending out to a downstream distance of 26 times the nozzle diameter. The flow behavior of 
the confluent jets showed good agreement with the experimental results. 
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1 Introduction 

Due to increasing energy prices, globalization and growing concern about global warming, 
attention is being paid to implementing cost-efficient energy efficiency measures in the industrial 
sector. The industrial sector accounts for a considerable amount of total energy use. In 2006 the 
industrial sector was responsible for approximately 41% of electricity usage globally (Waide and 
Brunner, 2011). The investigation by Waide and Brunner shows that globally 11% of the total 
electricity demand within industry can be attributed to fans. Heating, ventilation and air-conditioning 
(HVAC) systems is a common application for fans in the industry. In addition to the fan power there is 
energy demand for cooling and heating. This clearly stresses the importance of a well-functioning, 
energy-efficient HVAC system within the industrial sector. 

A possible way to improve the energy efficiency of HVAC systems for industrial premises is the 
implementation of a new type of supply system known as confluent jet ventilation. A confluent jet is 
defined as a number of free circular jets issuing from different apertures in the same plane and flowing 
in a parallel direction in which, after a certain distance downstream, they coalesce and move as a 
single jet (Awbi, 2003). A wall confluent jet was studied by Cho et al. (2005), who concluded that the 
momentum could be better conserved for the confluent jet than for a regular wall jet. Janbakhsh et al. 
(2010) performed a field study in an industrial facility using confluent jet ventilation. The study 
showed that the confluent system was able to produce a well-distributed air flow and could also save 
energy due to removing the need for additional heating and cooling systems during the cold and hot 
seasons.  

In order to optimize the confluent jet concept, more knowledge is required about the flow 
behavior in the near zone region. When performing parametrical studies, accurate numerical 
predictions are a valuable tool due to the costly and time-consuming nature of experiments. There is a 
wide range of numerical models for simulation of turbulent flows, extending from steady-state RANS 
simulations using one- or two-equation turbulence models, to more complex second-moment closure 
turbulence models such as the RSM. In addition to RANS simulations there are time-resolved methods 
such as Large Eddy Simulations (LES) or Direct Numerical Simulations (DNS). However, time-
resolved methods require a much larger computational effort than steady-state RANS simulations. 
Comparing the numerical predictions with experimental results is a common way to assess the quality 
of the numerical predictions. Frequently used methods for measuring mean velocities and turbulence 
in air flows are Hot Wire Anemometry (HWA), Laser Doppler Anemometry (LDA) or whole field 
measurements such as Particle Image Velocimetry (PIV). 

The purpose of this paper is to investigate the near zone flow field of a confluent jet supply 
diffusor, both numerically and experimentally. A RANS simulation of the confluent jet near zone 
using RSM has been performed and is evaluated and compared with experimental data acquired using 
PIV.  

 
 

2 Computational setup 

2.1 Geometrical setup and boundary conditions  
The studied diffuser consists of 36 nozzles arranged as a 66 

matrix with an in-line configuration using equidistant spacing. The 
nozzle diameter, d0, is 5.8 mm and the nozzle spacing, s, is 2.82 
d0. The Reynolds number of the jet, based on the nozzle diameter, 
is Red = 3290. Due to the symmetric appearance of the setup, only 
a quarter of the diffusor was included in the numerical model. For 
the symmetry planes, symmetric boundary conditions have been 
applied. The no-slip condition was applied for the wall and the 
free boundaries were modeled as pressure outlets. In order to make Fig 1. Computational domain  
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Fig 2. Physical nozzle shape 
(top) and geometry used in 
numerical model (bottom)   

Fig 3. Computational grid at inlet region   

sure that the free boundaries did not influence the solution, the 
computational domain was gradually expanded until further 
expansion had no significant effect on the solution. It was found 
that a model height, H, of 73 d0 and a length, L, of 246 d0 was 
sufficient for an independent solution. An overview of the 
geometrical setup and boundary conditions can be found in Fig. 1. 

 
2.2 Inlet profiles 

The experimental data used for inlet boundary conditions 
were acquired at 0.86 d0 from the inlet nozzles. In order to 
account for this circumstance, the geometry of the diffusor was 
slightly modified in the numerical model. A comparison between 
the physical diffusor geometry and the geometry used in the 
numerical model can be seen in Fig. 2. 

Inlet profiles of VU , and ''uu  were generated using 

piecewise spline fits of the experimental data. ''vu  was found 
negligible compared to the normal stress and since the two other shear stresses were not measured, all 
three shear stresses were set to zero. W  was attained by the use of a symmetry assumption between the 
y and z-axis. The maximum value of ''vv  in the jet shear layer was found small compared to ''uu  and 
in the initial processing of the experimental data, ''vv  showed signs of what were suspected to be laser 
sheet reflections close to the diffusor. For these two reasons,  ''vv  and '' ww  were set to zero and the 
turbulent kinetic energy assumed to be equal to ''21 uuk  . The dissipation was estimated using Eq. 
(1). 

 

l

kC 2343 
  , where 007.0 dl   and 09.0C   (1) 

 
2.3 Numerical details and mesh configuration 

The flow was assumed to be three-dimensional, steady-state and isothermal. Details regarding 
the numerical model can be found in Table 1. For further information regarding the model 
implementation, see the Fluent 13.0 theory guide (ANSYS, 2010). The solution was considered 
converged when the residuals were below 10-5. To ensure a fully developed flow within the region of 
interest, at least 20,000 iterations were performed in each simulation.  

The mesh consists of structured hexahedral cells. The grid independency was tested using 
different mesh densities and grid configurations. Mesh densities spanning from 1,577,240 to 5,927,960 
cells were used. The final mesh consisted of 3,027,480 
cells. Further refinement only lead to small changes in the 
solution and considering the computational effort, this 
mesh was found sufficient in the present study. The mesh 
configuration used can be found in Fig. 3.  

 
Table 1: Solver and numerical details 

Solver Fluent 13.0, segregated solver 
Pressure-velocity 
coupling  

SIMPLE 

Discretization of 
-non-linear terms 
-viscous terms 

 
Second-order upwind 
Second-order central 

Turbulence Model RSM 
Wall treatment Standard wall functions 
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Fig 4. Placement of PIV measurements  

3 Experimental setup 

The measurements presented in this paper have been performed at the Department of Multi-
Scale Physics, Delft University of Technology, The Netherlands. The experimental setup contained a 
centrifugal fan, a rotary flow meter, a wind tunnel, a setting chamber and lastly a square contraction to 
ensure a uniform flow with low turbulence. A complete description of the wind tunnel setup can be 
found in Geers (2004), who used the same tunnel and setting chamber configuration. The studied 
diffusor plate was connected to the contraction and the emerging jets were encapsulated by an 
enclosure with dimensions 112 meters to avoid disturbances from room air movement. After the 
measurement chamber, the air was recirculated into the wind tunnel. The seeding was made of oil 
droplets and the laser sheet was generated using a double pulsed Nd:YAG laser. The camera was a 
PCO Sensicam.  
 
3.1 Measurements and post-processing  
The measurements presented in this study 
were carried out in the xy-plane, 
perpendicular to the diffusor plate (see Fig. 
1). The measurements are placed along the 
centerline of a horizontal nozzle row in the 
center part of the diffusor. The 
measurements cover an area from the 
central part of the diffusor out to the flank, 
thereby including three nozzle exits. The 
measurements were performed in a region 
extending out to a downstream distance of 
26 d0. Fig. 4 shows placement of the 
measurement region. The image pairs were 
post-processed with the commercial 
software DaVis 8 using a multi-pass algorithm with decreasing interrogation window area size leading 
to a final resolution of 1616 pixels. Vector outliers were removed using a median filter.  
 
 
4 Results 

4.1 Mean velocity 
Profiles of the streamwise velocity component at different downstream locations showing both 

numerical and experimental results are presented in Fig. 5. There is overall good agreement between 
the numerical results and the experimental data, especially for the inner jet. The main difference 
between the numerical results and the measurements is found at 7.76 d0 where the numerical model 
tends to overpredict the maximum velocity for the side jet. The merging of the jets clearly appears in 
both the numerical and experimental results. Initially the jets are more or less separated from each 
other, but as the jets progress downstream they start to merge with each other and finally the 
individual jets can no longer be identified as the profile is almost flat in the center region of the 
diffusor. Both the numerical and experimental results indicate that the merging between the side jet 
and its neighbor takes place more rapidly than the same process for the inner jets. Furthermore the 
merging of the jets does not only take place due to the fact that the jets become wider with the 
downstream distance. The fact that they are displaced in the spanwise direction, moving the center of 
the jet inwards towards the center of the diffusor, also contributes to the merging process. The inner jet 
at the center of the diffusor also moves inwards, although the effect is much smaller than for the side 
jet. This last observation indicates that it is likely to be an out of plane displacement of the jets towards 
the horizontal centerline of the diffusor, which is also supported by the numerical results.  
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inUU 
Fig 5. Profiles of streamwise velocity normalized with inlet bulk velocity inU ,     PIV    RSM 

 
4.2 Reynolds stresses 

Profiles of the normal stress ''uu  and shear stress ''vu  are shown in Fig. 6. There is also good 
agreement for the Reynolds stresses between the numerical predictions and the experimental data. 
Near the nozzles, at 2.6 d0, the merging of the jets has the consequence that the normal Reynolds stress 
is higher in the jet shear layer that is facing away from the diffusor center. This observation is 
supported both by the numerical simulations as well as the measurements. Further downstream the 
shear layers merge with each other and the Reynolds stresses then start to decay. According to the 
experimental data, the Reynolds stresses decay more rapidly for the side jet than the inner jet. The 
same effect is seen in the numerical results but less significantly, leading to an overprediction of the 
Reynolds stresses for the side jet. Furthermore there is a general overprediction of the normal stress by 
the numerical model at 15.5 d0. As the jets merge completely, the decay of Reynolds stresses 
continues in the inner region and the highest values of the stresses are to be found in the outer part of 
the flow field. The numerical model is able to predict this process leading to recovery of the agreement 
with experimental data at 25.9 d0 

 
 

Fig 6.  Profiles of normal stress, ''uu , and  shear stress,  ''vu  normalized with 2
inU  

 
 
 
4.3 Centerline decay – comparison with single round jet 

Fig.7. shows the streamwise velocity at the geometrical centerline for two different jets, an inner 
jet in the proximity of the diffusor center and a side jet found at the diffusor flank. There is very good 
agreement between the numerical predictions and the measurements for the inner jet while the side jet 
velocity, as discussed earlier, decays more rapidly in the experimental data. Also plotted are data from 
Ghahremanian and Moshfegh (2011) who performed measurements using HWA on a round single jet 

       2'' inUuu  RSM,     2'' inUuu  PIV,     2'' inUvu PIV,          2'' inUvu RSM. 

2'' inUuu , 2'' inUvu  

0dy

0dy
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Fig 7. Centerline decay of inner jet (top) 
and side jet (bottom). 
     PIV            RSM         Single jet, 
(Ghahremanian and Moshfegh, 2011) 

with the same nozzle geometry and a similar Reynolds 
number (Red=3461) as in the present study. Comparing 
the single jet data with the results from the present 
study, it is clear that confluent jets differ substantially 
from a single jet, as the inner jet centerline velocity is 
rather constant after approximately 15 d0, which is not 
the case for the single jet. The side jet on the other hand 
decays very rapidly, but then, due to the spreading of the 
merged jet, starts to increase again.  

 
 

5 Conclusions and further work 

The overall agreement between the numerical 
model and the experiments is good and the RSM is able 
to rather accurately reproduce the confluent flow field. 
The results give an interesting insight into the near zone 
behavior of a confluent jet diffusor showing flow 
phenomena such as the asymmetric development of the 
normal stresses and the three-dimensional bending of the 
jets towards the center of the diffusor. The bending of 
the jets was shown to cause a substantially different 
velocity decay in the near zone region compared to a 
single jet. As for further work, aspects such as moment conservation, entrainment rate and Reynolds 
number dependency are important and need to be investigated. Regarding the numerical model, the 
performance for the side jet is sensitive to the imposed boundary conditions, especially the spanwise 
velocities, which require more attention. The pressure outlets used at the free boundaries mean the 
computational domain needs to be very large compared to the region of interest. This makes the usage 
of a conformal mesh rather inefficient due to limitations regarding aspect ratios. A non-conformal 
mesh might be an option for reducing the computational effort and at the same time improving the 
accuracy of the numerical simulation by a more efficient grid distribution. 
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