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A B S T R A C T   

The corner impinging jet concept has been proposed as a new air distribution system for use in office envi-
ronments. The present paper reports the mean flow field behavior of an isothermal corner-based turbulent 
impinging jet in a room. A detailed experimental study is carried out to validate the numerical simulations, and 
the predictions are performed using three turbulence models. RNG k − ε model was chosen for this study. This 
study investigates the influence different configuration parameters such as jet discharge height, diffuser geom-
etry (shape and size) and supply airflow rate have on the flow field. The results show that the diffuser geometries 
used in this study had in general a minor effect on the velocity developments along the centerline of the floor, 
maximum velocity decay and jet spreading rate except for some specific cases. When evaluating the triangle 
geometry cases, the results show that all the cases with volume flow <20 L/s are able to meet Boverket’s building 
regulations velocity requirement both for summer and winter. The applicability evaluation show that the results 
can be considered for room sizes between ≈25 and 100 m2. In addition, the wall confinement effect (90◦ vs. 
180◦) is having a significant impact on the maximum velocity decay for corner impinging jet ventilation. In the 
regression analysis the results shows that the distance along the diagonal centerline of the room has the most 
impact on the evaluation of maximum velocity decay and jet spreading rate.   

1. Introduction 

One of the most important aspects in providing a good indoor 
environment in buildings is the air distribution system (ADS) or venti-
lation system. A good indoor environment is needed to keep the pro-
ductivity and health level of the occupants at an acceptable level [1]. 
There are many different types of ADS. The most common type of 
ventilation system today is called mixing ventilation (MV). This system 
has been extensively researched in the past [2–5] and newly developed 
ADS are usually compared to the performance of MV. One of these 
systems is called impinging jet ventilation (IJV). This system has been 
studied previously by many researchers and has been compared to other 
ADS such as displacement ventilation (DV), wall confluent jet ventila-
tion (WCJ) and MV in terms of performance with good results [6–8]. 

Most of the research in this area has been mainly focused on an inlet 
that has been placed in the middle of the wall resulting in a 180◦

spreading of the airflow into the occupied space. Several research groups 

have used this layout for their evaluation of IJV. Predominantly this 
setup has been used in an office environment experiment [8–15], but 
there has also been some evaluations of IJV in a non-office environment 
[16–21] and classroom environment [7,22,23]. Chen et al. [8] 
compared the ventilation performance of four different air supply de-
vices in an 

office environment with respect to thermal comfort, ventilation ef-
ficiency and energy-saving potential. The authors used numerical sim-
ulations based on validated models against experimental measurements. 
The focus in this study included thermal comfort, ventilation efficiency 
as well as energy-saving potential related to fan power. When using the 
same conditions, the inlet configuration wall confluent jet supply device 
(WCJSD) and impinging jet supply device (IJSD) behaved like a com-
bined mixing and displacement system, meaning it provided an 
acceptable thermal environment, while removing excess heat more 
efficiently as compared to the conventional mixing system. Another 
conclusion reached was that WCJSD and IJSD were more energy effi-
cient than a mixing ventilation system. The turbulence model used for 

* Corresponding author. 
E-mail addresses: arman.ameen@hig.se (A. Ameen), mathias.cehlin@hig.se (M. Cehlin), ulf.larsson@hig.se (U. Larsson), yamasawa@eee.kyushu-u.ac.jp 

(H. Yamasawa), kobayashi@arch.eng.osaka-u.ac.jp (T. Kobayashi).  

Contents lists available at ScienceDirect 

Building and Environment 

journal homepage: www.elsevier.com/locate/buildenv 

https://doi.org/10.1016/j.buildenv.2022.109486 
Received 9 June 2022; Received in revised form 23 July 2022; Accepted 6 August 2022   

mailto:arman.ameen@hig.se
mailto:mathias.cehlin@hig.se
mailto:ulf.larsson@hig.se
mailto:yamasawa@eee.kyushu-u.ac.jp
mailto:kobayashi@arch.eng.osaka-u.ac.jp
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2022.109486
https://doi.org/10.1016/j.buildenv.2022.109486
https://doi.org/10.1016/j.buildenv.2022.109486
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2022.109486&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Building and Environment 223 (2022) 109486

2

evaluating IJSD was v2 − f . In Ref. [12] the research team evaluated IJV 
under different climate conditions (winter and summer), different 
human positions in the office room and also different geometrical shapes 
of the inlet supply. The authors carried out experimental measurements 
and based on those created a validated CFD model to carry out further 
analysis of these systems under different conditions. The results of this 
study showed that IJV may be applied not only for room air cooling 
during summer but also for heating during winter period. The results 
also showed that IJV has significantly higher ventilation effectiveness 
performance when compared to mixing ventilation. In this study the 
RNG k − ε turbulence model was used. In Ref. [15] the flow and tem-
perature field within an office environment using IJV was evaluated 
under different heat loads ranging from 17 to 65 W per m2 floor area. 
Experimental measurement was carried out in a full-scale test room to 
verify the reliability of several turbulence models. Although all models 
showed good agreement with the measurements, the v2− f model was 
chosen for its overall performance. One of the interesting results of this 
study showed that the effects of strong air circulation induced by 
changing various setup parameters leads to a less stratified temperature 
in the room due to the increased entrainment of the supplied air. The 
authors also noted that the observed effects of different supply condi-
tions on flow and temperature field were small, but higher supplied flow 
rate increased the draft risk even when higher temperatures were used. 
Chen et al. [24] carried out an extensive evaluation of the near-field 
zone flow behavior. In this experiment the evaluated area was a room 
that is in a laboratory environment with the size of 5.76 (L) x 3.04 (W) x 
3 (H) m. The experimental setup for testing was made with an IJV 
configuration that was based on a semicircular shaped inlet placed in the 
center of the side wall of the room and the result of this configuration 
was then used to validate a computational fluid dynamics (CFD) model. 
They tested out different shapes for the inlet, i.e., semi-elliptic, rectan-
gular and square, different discharge heights and different supply air 
flows in their parametric study. The results of this research concluded 
that all the investigated parameters have some effect on the studied flow 
features. The diffuser geometry was found to have the most noticeable 
impact, while the supply airflow rate was found to have limited influ-
ence within the evaluated flow range. This study was limited to a center 
wall placed inlet in a semi-confined room. As mentioned previously most 
of the research have been done with the inlet device being placed in the 
center of the wall. However, there has been some research that has 
focused on having an ADS configuration that is based on the inlet being 
placed in the corner of the evaluated space. In the early 2000s a research 

team evaluated different configurations of IJV, one of which was a cy-
lindrical inlet placed in the corner of a classroom [25]. The result of that 
study concluded that the corner-placed IJV yielded higher ventilation 
effectiveness in comparison to a mixing jet configuration setup that was 
placed at the ceiling. The authors noted that a higher ventilation effec-
tiveness provided a possibility to decrease the ventilation flow rate 
which in turn would reduce the energy usage to the fans in the venti-
lation system. Recently Yamasawa et al. [22] compared center and 
corner-placed IJV and evaluated these configurations based on several 
indexes such as cooling effectiveness, temperature effectiveness, 
contaminant removal effectiveness, air quality index, air change effi-
ciency and air exchange effectiveness. The room setup for this study was 
based on a classroom with occupants ranging from 9 to 36 occupants. 
When comparing four terminal configurations placed either at the center 
wall of the room or at the corners, the results showed that there was a 
small difference between the center-placed inlet compared to the 
corner-placed one. However, as the number of occupants increased so 
did the difference in the results between these two setups in favor of the 
center-placed inlets. 

In recent years there has been greater interest in researching IJV 
placed in the corner of a room. Ameen et al. [4,26] studied corner-based 
IJV systems both under heating and cooling conditions in a laboratory 
office environment. Unlike the cylindrical inlet [25], this configuration 
was made with an inlet with a shape of a right triangle placed in a 
corner. This configuration was named corner impinging jet (CIJV). The 
researchers tested this configuration against two other ADS, MV and DV. 
A parametric experimental setup was carried out with different supply 
flow rates in order to evaluate vertical air temperature profiles, velocity 
profiles, draft levels and ventilation effectiveness. The results of the 
study showed that the CIJV system behaves similarly to a DV system and 
performs slightly better when evaluating draft rate. However, this 
experimental evaluation was predominantly focused on the main 
occupant area and no detailed evaluation was made on the flow 
behavior of the jet stream, especially close to the room floor surface. 

To the authors knowledge there have been no major studies done 
that examines the flow behavior of CIJV in detail, especially in a 
confined room setting. In addition, there has been no study that has done 
a comprehensive regression analysis for velocity decay and spreading 
rate along the diagonal of the computational domain for a CIJV system 
based on a triangle shaped inlet. The aim of this study is to evaluate the 
flow field of an isothermal CIJV in a room by using a validated CFD 
model. Three different turbulence models (RNG k − ε, SST k − ω and v2 −

f) have been chosen based on their performance of predicting IJV flow 

Nomenclature 

ADS air distribution system 
ANOVA analysis of variance 
BBR boverket’s building regulations in Sweden 
CFD computational fluid dynamic 
CIJV corner impinging jet 
DV displacement ventilation 
IJSD impinging jet supply device 
IJV impinging jet ventilation 
LDA laser doppler anemometry 
MV mixing ventilation 
RANS Reynolds-averaged Navier-Stokes 
RMSE root-mean-square error [%] 
WCJ wall confluent jets ventilation 
WCJSD wall confluent jet supply device 
Ainlet inlet area size [m2] 
P pressure [N•m− 2] 
Re Reynolds number [− ] 

Sij strain rate tensor [s− 1] 
Ui mean component of velocity [m•s− 1] 
Uin nominal air velocity of the inlet device [m•s− 1] 
Ui,BG numerical solution at base grid resolution [m•s− 1] 
Ui,RG numerical solution at refined grid resolution [m•s− 1] 
U/Umax jet velocity normalized by its local maximum velocity [− ] 
dh hydraulic diameter of the inlet [m] 
h height of the inlet from the floor level [m] 
k turbulent kinetic energy [m2•s− 2] 
u′ fluctuating component of velocity [m•s− 1] 
x distance along the diagonal centerline of the room [m] 
xi = x,y, z cartesian spatial coordinates [m] 
δij Kronecker delta [− ] 
ρ density [kg•m− 3] 
− ρu′

iu
′

j Reynolds stress tensor [kg•m− 1•s− 2)] 
μ dynamic viscosity [kg•m− 1 s− 1] 
μt eddy viscosity [kg•m− 1 s− 1]  
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field in previous studies. 
The flow field will be analyzed by examining the velocity profile, 

velocity decay and spreading rate along the diagonal of the computa-
tional domain. A comprehensive parametric setup will be conducted 
that will include different nozzle shapes, air supply flow rates, different 
inlet areas and different inlet discharge heights. Additionally, a second 
parametric study will examine the effect of different configurations 
based on the triangle-shaped inlet on the velocity in the occupied space. 
Lastly, regression analyses are done in order to develop equations to 
predict the flow field as well as to examine the relation between design 
parameters and their contribution to the flow field. 

2. Method 

2.1. Experimental set-up 

The experiments intended for the CFD validation were conducted in 
a room with the dimensions 7.2 × 4.1 × 2.67 m. This room is the same 
room as in Refs. [4,26] with the difference being that the room has no 
equipment or manikin in it and only one inlet. The room was prepared 
for conducting velocity measurements in the nearfield zone of the inlet 
as seen in Fig. 1. This room was located inside a large laboratory hall 
where the temperature was kept around. 

22.6 ± 0.6 ◦C during the measurements. In order to create an 
isothermal condition inside the test room the air was taken directly from 
the laboratory hall and the temperature between the room and the 
outside never exceeded +0.9 ◦C. The material of the side walls from the 
inside to the outside were as follows: 15 mm wood sheet, 35 mm air gap, 
15 mm wood sheet, 190 mm insulation, and 5 mm wood sheet. The main 
ceiling and the floor were insulated by a 150 mm-thick layer of mineral 
wool and covered by a layer of plastic sheet to reduce air infiltration. 
The outlet was located on the center of the ceiling, close to the opposite 
wall as seen in Fig. 1. The supply inlet evaluated in this experimental 
setup was a triangle format located 0.4 m above ground level in one of 
the corners, the same inlet as in Ref. [26]. The hydraulic diameter dh and 
area for the inlet was 0.114 m and 0.0133 m2. A schematic of the inlet is 
shown in Fig. 1. The flow rate evaluated was 20 L/s (average nominal 

inlet velocity (Uin) of 1.5 m/s) which was measured by an orifice plate 
with an accuracy of ±5%. The pressure difference over the orifice plate 
was measured with a SwemaMan 80 micro manometer, which has an 
accuracy of ±0.3% or ±0.4 Pa at 23 ◦C. A total of five measuring posi-
tions were chosen. These positions were located along a centerline with 
45◦ angle from the side wall as seen in Fig. 1. The distances chosen were 
225, 300, 500, 700 and 1000 mm. Velocity measurements were taken at 
the following heights above the floor level: 5-10, 20, 30, 40, 50, 60, 70 
and 80 mm. The measurements were repeated two additional times (in 
total three times) and compared to one another in order to increase the 
validity and repeatability of the measurements. The results from the 
repeated measurement showed little difference at higher velocities but 
at low velocities (>0.05 m/s) or outside the core jet stream the mea-
surements deviated to some degree (less than 3%). This is to be expected 
since the flow field in these regions is not as stable as the core areas of 
the jet flow field due to air entrainment. 

2.1.1. LDA equipment and specifications 
The velocity profiles of the studied nearfield area were measured 

with a Dantec Dynamics FiberFlow 2D laser doppler anemometry (LDA) 
system coupled with a Dantec Dynamics BSA F60 Flow Processor unit. 
The reason why LDA was chosen over other methods of measuring air 
flow is due do its unique advantages; the laser beams that are directed at 
the flow to reflect on seeding particles are nonintrusive, meaning that 
they will not disturb the flow field assuming the probe is placed at an 
adequate distance. Another benefit is that the LDA system requires no 
calibration; it has a unique intrinsic response to fluid velocity which is 
absolute linearity. This means that the measurement is based on the 
stability and linearity of optical electromagnetic waves which in this 
study are fairly stable and can be considered unaffected by other phys-
ical parameters such as pressure and temperature [27]. The FiberFlow 
units are comprised of one FiberFlow 532 nm and one FiberFlow 561 
nm. The LDA system measures two perpendicular velocity components 
using two lasers: one green laser with the power setting of 150 mW 
(maximum 300 mW) with a wavelength of 532 nm and one orange laser 
with the setting of 150 mW (maximum 300 mW) with a wavelength of 
561 nm. The laser beams were frequency shifted and split by a 40 Mhz 

Fig. 1. Layout of the experimental test chamber. The left side shows a more detailed overview of the measuring positions on the floor and the inlet dimensions.  
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Bragg cell. The optical probe connected to the system had a diameter of 
60 mm and with an attached beam expander it allowed the probe to 
carry out measurements at a distance of 800 mm. The probe was 
mounted on a 3D traversing system (Dantec) with a positioning accuracy 
of ±0.1 mm that was controlled directly through the accompanying LDA 
software (BSA Flow Software v6.71 SP2. A Safex fog generator located 
outside the room was set up at the location where the ventilation system 
sucked in air from the laboratory hall. With this setup the seeding par-
ticles were directly mixed with the air that was delivered to the testing 
room. The LDA equipment has been calibrated by Dantec for the velocity 
range used in this study. 

2.1.2. LDA measuring procedure 
Once the LDA was set up and in position and ready for measurements 

the next step was the configurations and setting in the BSA Flow soft-
ware. The sampling rate was configured to 2000 samples for each po-
sition to capture the velocity correctly. This was configured in the 
software under “Acquisition and monitor” which was set to 2000 and 
“Max. acquisition” was set to 30 s. Once the measurement was started 
the software would automatically stop the measurement depending on 
whichever criteria was fulfilled first. The data collection mode was set to 
“Burst”. The two channels were configured in group to obtain coincident 
data. Center velocity and velocity span was configured under “Range 
and gain”. This was configured based on the location of the measuring 
position. In order to increase the validation, the authors carefully 

monitored the “System monitor” in order to observe the incoming data 
samples. In conclusion, the most important parts of the LDA measure-
ments were to keep track of acquisition time, data rate and validation 
level. Other tools to increase the validation were to evaluate the signal 
through the scope display as well as observing continuous histogram live 
feed of the velocity distribution in the measuring point. 

2.2. Computational set-up and numerical scheme 

For the numerical simulations, a larger model of the room was 
created; 7.2 (W) × 7.2 (L) × 2.67 (H) m. The reason for this change was 
to create a symmetrical model and to minimize wall effects. The location 
of the outlet in this room is located at the opposite side of the inlet 
directly on the ceiling in the corner. 

2.2.1. Governing equations 
The simulations were performed with the following assumptions and 

limitations: steady-state, incompressible, turbulent and isothermal 
conditions. 

Based on these assumptions the three-dimensional Reynolds-aver-
aged Navier-Stokes (RANS) equations are given by: 

∂Ui

∂xi
= 0 (1)  

Fig. 2. The left side (a) shows a perspective view with the corner pillar representing the CIJV inlet device. The right side (b) shows the room from a top view 
perspective with the lower right side being the location of the CIJV inlet device. (c) shows the distribution of y+ value in the model. 
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∂
(
ρUjUi

)

∂xj
= −

∂P
∂xi

+ μ∇2Ui +
∂

∂xj

(
− ρu′

iu
′

j

)
(2)  

where ρ is the density of the fluid, Uiis a mean component of velocity in 
the direction xi, P is the pressure, μ is the dynamic viscosity and u′ is the 
fluctuating component of velocity. 

In Eq. (2) the Reynolds stresses (u′

i, u
′

j) are given by the Boussinesq 
hypothesis: 

− ρu′

iu
′

j = − 2μtSij +
2
3

δijρk, (3)  

where k is the turbulent kinetic energy which is defined by k = 1
2u

′

iu
′

j, μt 

is the eddy viscosity and δij the Kronecker symbol; δij = 1 if i = j and δij =

0 if i∕=j. 
The strain rate tensor, Sij, can be expressed as: 

Fig. 3. (a) shows a top view of the measuring positions on the floor and their distance to the corner of the room as well as the occupied zone close to the inlet. (b), (c) 
and (d) show the three different inlet geometry shapes evaluated in this study. 

Fig. 4. (a–e) Comparisons of non-dimensional velocity profiles at different locations along the centerline of the floor, (f) comparisons of jet maximum velocity decay 
along the centerline of the floor. 
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Sij = 0.5
(

∂Ui

∂xj
+

∂Uj

∂xi

)

(4)  

2.2.2. Turbulence models 
When deciding on which type of turbulence models to choose it is 

important to have some knowledge about the flow field being evaluated. 
A helpful resource is to evaluate previous research in the same field to 
choose models that might be suitable candidates for this study. From 
previous research [20,24,28] three models, RNG k − ε, SST k− ω and 
v2 − f were chosen which have yielded good results in predicting 
impinging jet air flow fields. For fully detailed mathematical equations 
describing all these three turbulence models see Refs. [24,28]. 

2.2.3. Numerical setup 
Ansys Workbench 2020 R2 was used to create the room geometry 

and generate the mesh. The pressure-velocity coupling scheme used was 
SIMPLE. The gradients were solved using the least squares cell-based 
method. The pressure-term used was second order upwind 

discretization scheme and an under-relaxation factor of 0.3 at the start of 
the simulation to eventually be increased to 0.5 at the end stages of the 
simulations. For the momentum-term the second order upwind dis-
cretization scheme was used with an under-relaxation factor of 0.7 at the 
start of the simulation to eventually be decreased to 0.5. For the tur-
bulent kinetic energy and 

the specific dissipation rate the second order upwind discretization 
scheme was used with under-relaxation factor of 0.8. In the v2 − f model 
two additional properties were solved, velocity variance scale and 
elliptic relaxation function. The second order upwind discretization 
scheme was used for these terms. The solution was declared converged if 
the velocity in the residual was less than 10− 3 for the continuity and less 
than 10− 4 for the other terms. Depending on the simulation case be-
tween 40,000–50,000 iterations were made to reach the converged 
solution. 

2.2.4. Mesh strategy and mesh independence study 
A non-uniform grid distribution was used, with the refinement for 

Table 1 
Case conditions and parameter settings when evaluating the impact of different inlet geometries.  

Diffuser geometry Case Inlet surface area (m2) Discharge height h (m) Hydraulic diameter dh (m) Supply flow rate 
V (L/s) 

Uin (m/s) Re 

Square (Sqr.) A1-H1-V10 0.0133 0.4 0.1153 10 0.75 5705 
Square (Sqr.) A1-H1-V40 0.0133 0.4 0.1153 40 3.01 22898 
Square (Sqr.) A1-H3-V10 0.0133 1.2 0.1153 10 0.75 5705 
Square (Sqr.) A1-H3-V40 0.0133 1.2 0.1153 40 3.01 22898 
Square (Sqr.) A3-H1-V10 0.0266 0.4 0.1631 10 0.38 4088 
Square (Sqr.) A3-H1-V40 0.0266 0.4 0.1631 40 1.50 16137 
Square (Sqr.) A3-H3-V10 0.0266 1.2 0.1631 10 0.38 4088 
Square (Sqr.) A3-H3-V40 0.0266 1.2 0.1631 40 1.50 16137 
Quadrant (Quad.) A1-H1-V10 0.0133 0.4 0.2543 10 0.75 5705 
Quadrant (Quad.) A1-H1-V40 0.0133 0.4 0.2543 40 3.01 22898 
Quadrant (Quad.) A1-H3-V10 0.0133 1.2 0.2543 10 0.75 5705 
Quadrant (Quad.) A1-H3-V40 0.0133 1.2 0.2543 40 3.01 22898 
Quadrant (Quad.) A3-H1-V10 0.0266 0.4 0.3597 10 0.38 4088 
Quadrant (Quad.) A3-H1-V40 0.0266 0.4 0.3597 40 1.50 16137 
Quadrant (Quad.) A3-H3-V10 0.0266 1.2 0.3597 10 0.38 4088 
Quadrant (Quad.) A3-H3-V40 0.0266 1.2 0.3597 40 1.50 16137 
Triangle (Tri.) A1-H1-V10 0.0133 0.4 0.0955 10 0.75 5705 
Triangle (Tri.) A1-H1-V40 0.0133 0.4 0.0955 40 3.01 22898 
Triangle (Tri.) A1-H3-V10 0.0133 1.2 0.0955 10 0.75 5705 
Triangle (Tri.) A1-H3-V40 0.0133 1.2 0.0955 40 3.01 22898 
Triangle (Tri.) A3-H1-V10 0.0266 0.4 0.1350 10 0.38 4088 
Triangle (Tri.) A3-H1-V40 0.0266 0.4 0.1350 40 1.50 16137 
Triangle (Tri.) A3-H3-V10 0.0266 1.2 0.1350 10 0.38 4088 
Triangle (Tri.) A3-H3-V40 0.0266 1.2 0.1350 40 1.50 16137  

Table 2 
Case conditions and parameter settings for the second study when evaluating various parameters.  

Diffuser geometry Case Inlet surface area (m2) Discharge height h (m) Hydraulic diameter dh (m) Supply flow rate 
V (L/s) 

Uin (m/s) Re 

Triangle (Tri.) A1-H1-V20 0.0133 0.4 0.0955 20 1.50 11411 
Triangle (Tri.) A1-H1-V30 0.0133 0.4 0.0955 30 2.26 17192 
Triangle (Tri.) A1-H2-V20 0.0133 0.8 0.0955 20 1.50 11411 
Triangle (Tri.) A1-H2-V30 0.0133 0.8 0.0955 30 2.26 17192 
Triangle (Tri.) A1-H3-V20 0.0133 1.2 0.0955 20 1.50 11411 
Triangle (Tri.) A1-H3-V30 0.0133 1.2 0.0955 30 2.26 17192 
Triangle (Tri.) A2-H1-V20 0.01995 0.4 0.1170 20 1.00 9317 
Triangle (Tri.) A2-H1-V30 0.01995 0.4 0.1170 30 1.50 13975 
Triangle (Tri.) A2-H2-V20 0.01995 0.8 0.1170 20 1.00 9317 
Triangle (Tri.) A2-H2-V30 0.01995 0.8 0.1170 30 1.50 13975 
Triangle (Tri.) A2-H3-V20 0.01995 1.2 0.1170 20 1.00 9317 
Triangle (Tri.) A2-H3-V30 0.01995 1.2 0.1170 30 1.50 13975 
Triangle (Tri.) A3-H1-V20 0.0266 0.4 0.1350 20 0.75 8069 
Triangle (Tri.) A3-H1-V30 0.0266 0.4 0.1350 30 1.13 12157 
Triangle (Tri.) A3-H2-V20 0.0266 0.8 0.1350 20 0.75 8069 
Triangle (Tri.) A3-H2-V30 0.0266 0.8 0.1350 30 1.13 12157 
Triangle (Tri.) A3-H3-V20 0.0266 1.2 0.1350 20 0.75 8069 
Triangle (Tri.) A3-H3-V30 0.0266 1.2 0.1350 30 1.13 12157  
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the mesh being focused on and around the inlet, side walls and floor 
area. Three different mesh densities were evaluated and compared. The 
number of structured hexahedral cells contained within these models 
was 8.92, 10.48 and 12.35 million. The model used for the mesh inde-
pendency test was RNG k − ε turbulence model. The enhanced wall 
treatment was used as near-wall modeling method. Since all the models 
chosen for the validation process are RANS-based the authors assumed 
that testing the other two models would not change the outcome of the 
mesh independency test noticeably as shown in previous research [24]. 
The difference in results between the different mesh densities was 
determined by comparing the velocities at various measurement points 
alongside the floor. Eq. (5) was used to calculate the root-mean-square 
error (RMSE). A total of 65 measurement points were selected at dis-
tances 225, 300, 500, 700 and 1000 mm. At each distance 13 measuring 
positions were evaluated. 

In Eq. (5) n is the total number of selected measuring points (65) and 
Uin is the nominal velocity inlet which in this case was 1.5 m/s. Ui,BG is 
the numerical solution at base grid resolution (lower cell count) and 
Ui,RG is the numerical solution at refined grid resolution (higher cell 
count). 

RMSE =

∑n
i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Ui,BG− Ui,RG

uin

)2
√

n
⋅100 (5) 

The result of this evaluation showed a very small gain between the 
last two models (10.48 and 12.35 million). The difference between 8.92 
and 10.48 million was 1.73% but only 0.45% between 10.48 and 12.35 
million, hence the model with 10.48 million cells was chosen for the CFD 

study. The refined mesh resulted in a y+ <= 1 which is shown in Fig. 2c. 
This is a requirement for SST k − ω and v2 − f turbulence model. A low 
y+ is important for accurately solving the boundary layer on the surfaces 
in the model. Fig. 2a and b show an overview of the mesh structure and 
layout. 

2.2.5. CFD validation 
The simulation result of the jet velocity distributions calculated from 

RNG k − ε, SST k − ω and v2 − f models are compared with the experi-
mental measurements in Fig. 4. The results are evaluated at various 
locations in the vertical middle plane along the floor, as shown in Fig. 3. 
The case validation chosen was the triangle shaped with the following 
configurations: inlet surface area 0.0133 m2, hydraulic diameter dh 
0.114 m, discharge height 0.4 m and supply flow rate 20 L/s. The di-
mensions of the inlet are shown in Fig. 1. The velocity profiles are 
presented in non-dimensional form, where the jet velocity is normalized 
by its local maximum velocity (U/Umax) and the location x and y is 
scaled by the hydraulic diameter dh of the inlet. The comparisons be-
tween the simulation and experimental results are made at five down-
stream distances from the inlet corner wall and presented in terms of the 
mean velocity distribution. The results show that the predicted jet pro-
files exhibit good consistency compared with experiential data at each 
measuring distance. The predictions from the three tested turbulence 
models are very similar with some models showing better accuracy 
closer to the inlet while some show better accuracy when moving further 
away from the inlet. For example, the RNG k − ε and SST k − ω show 
better accuracy at x = 0.225 and 0.3 when y/dh < 0.4 while v2 − f shows 
better accuracy at x = 0.5 and 0.7 when y/dh < 0.4. There is also a slight 

Fig. 5. (a–d) show the effect different diffuser geometries have on the velocity developments along the centerline of the floor for all evaluated cases with V10 and A1. 
(e–h) show the same but for V10 and A3 cases. 

A. Ameen et al.                                                                                                                                                                                                                                  



Building and Environment 223 (2022) 109486

8

Fig. 6. (a–d) show the effect different diffuser geometries have on the velocity developments along the centerline of the floor for all evaluated cases with V40 and A1. 
(e–h) show the same but for V40 and A3 cases. 

Fig. 7. The effects of diffuser geometry on (a) maximum velocity decay and (b) jet spreading rate along the centerline of the floor.  
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difference between the models when evaluating the flow vertically at the 
various measuring points. This result is similar to the results obtained 
[24] when comparing RNG k-ε and the SST k-ω model. It is important to 
note that the flow is not entirely stable and fluctuation in the flow field 
can occur as shown by this study [29]. The instability in the flow field 
can cause the stream direction to vary from time to time, hence this 
time-dependent fluctuation cannot be captured by a steady-state nu-
merical simulation entirely. It is also pointed out by the authors that the 
accuracy of measurement should be considered when evaluating the 
accuracy of prediction results. In this study, high turbulence intensity is 
observed outside the inner region of the wall jet, which is due to the 
generated shear stress between wall jet and ambient air and in general 
air entrainment. Overall, the velocity predictions from all three turbu-
lence models show good agreement compared with measurements, with 
some models predicting better in certain areas as noted previously. In 
addition to the velocity profiles the dynamics of the jet stream with 
regards to the maximum velocity decay and along the floor are inves-
tigated. Fig. 4f shows the comparisons between the simulation results 
and experimental data regarding the jet maximum velocity decay along 
the centerline of the floor from the corner. The results here show that all 
the tested turbulence models show good agreement with experimental 
data. It is worth pointing out that the models slightly under-predict the 

jet maximum velocity decay when x/dh > 7. Based on the above 
analyzed results concerning the accuracy of the numerical simulation for 
the velocity profiles and jet maximum velocity decay, it appears that any 
of the three turbulence models can capture the mean flow field of an 
isothermal impinging jet in a room satisfactorily. The predictions from 
all tested turbulence models are mostly similar with some small varia-
tions. Eq. (5) was used to calculate the RMSE for the different turbulence 
models in comparison to the experimental measurements. For this 
calculation the same number of measuring points and nominal velocity 
inlet was used as in section 2.2.4. The results showed an RMSE value of 
2.73% for RNG k − ε, 3.68% for SST k − ω and 2.33% for the v2 − f 
model. A final decision was made to choose the RNG k − ε model. The 
reason for this was that RNG k − ε requires less computational resources 
(it has fewer equations to be solved) but also it is easier to get a 
converged solution in comparison with the v2 − f model. The RNG k − ε 
had an overall good performance when compared to the experimental 
measurements and this model has been used in numerous other CFD 
studies to predict impinging jet flow fields [9,12,13,15,16,18,21,30]. 

Fig. 8. The air velocity at the diagonal centerline when z = 0.1 m. The x-axis starts at 0.85 m. (a) shows cases for all V20 cases, (b) shows all cases for the V30 cases 
and (c) shows 4 cases with three sets of Uin; 0.38, 0.75 and 1.50 m/s. 
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2.3. Parametric case studies 

2.3.1. Evaluating the impact of different inlet geometries 
The parametric evaluation in this study was carried out in two steps. 

In the first step a parametric study was conducted to evaluate the impact 
different inlet geometries have on the flow field. Detailed case condi-
tions and parameters are listed in Table 1. Additionally, Fig. 3 shows the 
measurement positions in the CFD model and the three different inlet 
geometries. Two different height configurations were chosen for the 
inlet, H1 and H3, which correspond to 0.4 and 1.2 m above the floor 
level. The base inlet area was chosen to be the same as these previous 
studies [4,26], which was 0.0133 m2 (A1). For A3 the size was increased 
by 100% to 0.0266 m2. The flow rate in this part of the study was set to 
10 L/s (V10) and 40 L/s (V40). 

2.3.2. Evaluating the impact of different parameters on triangle shaped inlet 
The second parametric study was conducted once the results from 

the first part showed small differences in the flow field behavior between 
different inlet geometries as shown in the result section. For this reason 
and to create a more detailed evaluation of the flow field a second 
parametric study was created and only one single inlet shape was cho-
sen, the isosceles right triangle. A total of 18 cases were simulated with 
various configurations which are listed in Table 2. Three different height 
configurations were chosen for the inlet, H1, H2 and H3, which corre-
spond to 0.4, 0.8 and 1.2 m above the floor level. The inlet area was 
chosen to be the same as this previous section which was 0.0133 m2 (A1) 
and 0.0266 m2 (A3) as well as adding one more size: 0.01995 m2 (A2). 
Finally, two flow rates were chosen: 20 L/s (V20) and 30 L/s (V30). The 
goal of this parametric study was to evaluate the air flow velocities in the 
occupied zone at the critical ankle level which is 0.1 m (z) above floor 
level [31]. This is an important key parameter in determining the draft 
rate and thermal discomfort which is included in several international 
standards [31–33]. According to Boverket’s building regulations in 
Sweden (BBR) [34], the velocities in the occupied zone should not 
exceed 0.15 m/s during the heating season and 0.25 m/s during other 
times including the cooling season. For this reason, the evaluation will 
consist of examining the air velocity at the diagonal centerline at z = 0.1 
m at these limits and the occupied area in the horizontal plane (X,Y) at z 
= 0.1 m. Furthermore, BBR defines that the occupied zone in an office 
environment should be at least 0.6 m from the wall, which in this case 
translates to ≈0.85 m from the corner of the room as seen in Fig. 3. Based 

on this the most critical part was to evaluate the velocities when x ≥
0.85 m. 

2.3.3. Evaluating the applicability of the model with other room sizes 
In order to evaluate the applicability of the results obtained in sec-

tion 2.32 on other room sizes two other simulations were carried out. 
The dimensions of these additional evaluated rooms were 4.8 m × 4.8 m 
× 2.67 m and 9.6 m × 9.6 m × 2.67 m. The results of these two sizes 
were then compared with the case size used in section 2.32. A base case 
was chosen for the comparison with the following configurations: A2, 
H2 and V30. This case was chosen as a middle ground case scenario from 
the available cases listed in Table 2. The evaluation of the models con-
sisted of the velocity developments along the centerline of the floor at 
different location along the centerline, the maximum velocity decay and 
the jet spreading rate along the centerline of the floor. It was also 
important to evaluate how the room confinement affect the flow field by 
comparing the standard room vs. non confined room. For this evaluation 
the contour plot between two room sizes are compared, a non-confined 
room and the standard 7.2 x 7.2 m. 

2.4. Regression analysis 

Regression analysis is a powerful statistical method to develop 
functional relationships between the response values and the design 
variables and to analyze and interpret the results [35,36]. The regression 
analyses in this study will cover the mathematical correlations between 
the maximum velocity decay Umax/Uin and its main influencing factors 
based on the multiple regression method as well as the jet spreading rate 
along the diagonal centerline of the room y0.5/√A. The software used to 
carry out the statistical analysis was Minitab ver. 21.1. A quadratic 
model was configured, and an iterative process was carried out that 
included an elimination process of terms in order to obtain the most 
optimized model. This process was done by starting the regression 
analysis including all the terms and after each iteration round the model 
was reevaluated and all the terms that yielded (P > 0.05) were removed. 
The level of the relative significance of the design parameters on each 
response variable can be assessed by examining the P-value, hence the 
P-value is used to evaluate the significance of each coefficient in this 
quadratic model. When (P-value < 0.05), it means the effects are sta-
tistically significant at a 95% confidence level. This also means that the 
insignificant terms (P > 0.05) can be removed from the quadratic model 
without greatly reducing the accuracy of the model [14,20]. In addition 
to this the terms that have a low contribution to the model (<2%) have 
been removed as well. 

3. Results and discussion 

In this section the results of the CFD parametric studies will be 
presented and discussed. The first part will cover the results from the 
two parametric studies which will be presented and evaluated in terms 
of how they affect the flow field downstream from the inlet device. In the 
last section the interaction between different parameters and how they 
affect the flow field is evaluated by means of regression analysis. 

3.1. Numerical parametric study 

3.1.1. Effect from the inlet diffuser geometry 
Fig. 5 shows the results of the velocity development along the 

centerline at various distances from the corner when evaluating all the 
cases at 10 L/s and Fig. 6 shows the same but for cases at 40 L/S. At 10 L/ 
s there is almost no difference in the velocity profiles when x > 0.7 
between the different inlet diffusers (Fig. 5b–d) with the A1 and V10 
configuration. At x = 0.5 and A1 (Fig. 5a) the cases with H3 have a 
slightly different velocity profile compared to the cases with H1. The H3 
cases show very similar profiles while the H1 cases start to show a small 
difference between the different geometries. For example, in Fig. 5a 

Table 3 
Evaluated room surface area (36 m2) at z = 0.1 m, when the velocity is either 
higher than 0.25 m/s (summer) or higher than 0.15 m/s (winter) shown both in 
m2 and % of the total surface area.  

Case V20 V30 

Summer - Tot. 
Area (m2) >
0.25 m/s 

Winter - Tot. 
Area (m2) >
0.15 m/s 

Summer - Tot. 
Area (m2) >
0.25 m/s 

Winter - Tot. 
Area (m2) >
0.15 m/s 

A1- 
H1 

0 (0%) 1.9 (5.3%) 1.1 (3.1%) 6.4 (17.8%) 

A1- 
H2 

0 (0%) 2.0 (5.6%) 1.2 (3.3%) 6.7 (18.6%) 

A1- 
H3 

0 (0%) 2.0 (5.6%) 1.3 (3.6%) 7.4 (20.6%) 

A2- 
H1 

0 (0%) 0.9 (2.5%) 0.2 (0.6%) 4.1 (11.4%) 

A2- 
H2 

0 (0%) 0.8 (2.2%) 0.2 (0.6%) 3.9 (10.8%) 

A2- 
H3 

0 (0%) 0.7 (1.9%) 0.2 (0.6%) 4.0 (11.1%) 

A3- 
H1 

0 (0%) 0.3 (0.8%) 0 (0%) 3.1 (8.6%) 

A3- 
H2 

0 (0%) 0 (0%) 0 (0%) 2.7 (7.5%) 

A3- 
H3 

0 (0%) 0.1 (0.3%) 0 (0%) 2.6 (7.2%)  
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comparing A1-H1-V1 and A1-H3-V1, triangle vs. square shaped, the 
difference in peak velocity is 9.3% (H1) and 0.7% (H3) at x = 0.5 m. The 
difference in peak velocity for triangle vs. quad shaped is 4.6% (H1) and 
1.2% (H3) respectively at x = 0.5 m. Even at the distance of x = 2 m 
(Fig. 5d) the same configuration yields the following difference in peak 
velocity; 15.6% (H1); 0.4% (H3) for triangle vs. square shaped and 6.7% 
(H1); 0.6% (H3) for triangle vs. quad shaped. 

When comparing the three geometries the triangle-shaped inlet has 
the highest peak velocity followed by quad and in last place is the 
square-shaped. As one gets further away from the inlet this difference is 
diminished (Fig. 5b–d), both when comparing the geometries as well as 
when comparing H1 vs H3 cases. The authors believe that the reason for 
this change in the flow field is due to the level of air entrainment into the 
jet stream created by the inlet geometry as well as the overall air 
spreading formation created by each geometry. Similar observation can 
be seen in the cases with A3 (Fig. 5e–h) but the effect is slightly 
enhanced between the H1 cases. However, H3 cases still show a similar 
velocity profile even though the inlet surface area has been increased. 
When evaluating the V40 case (Fig. 6a–h) this effect is enhanced by the 
higher flow rate. Interestingly the H3 cases still maintain a similar 

velocity profile even at this flow rate. Even though there are some dif-
ferences in the flow pattern, depending on which configurations are 
chosen and the distance from the inlet, the effect of the inlet geometry 
can be reduced considerably. 

Fig. 7a and b show the impact of the diffuser geometry and inlet 
surface area (indirectly Re as well) on the variations of jet maximum 
velocity decay and spreading rate with the distance x which is scaled by 
the root of the inlet surface area 

̅̅̅̅
A

√
. Furthermore, y0.5 is the height 

distance from the floor when velocity is half of the maximum velocity [7, 
37]. Six cases were chosen to be evaluated. As can be seen in Fig. 7a the 
triangle cases have a slightly lower velocity decay compared to quad and 
square-shaped geometry. The results also show a similar tendency 
compared to previous studies made on a center wall-placed IJV inlet [7, 
24], as well as developed equations (see Eqs. (7) and (9) in section 
3.2.1). When evaluating the jet spreading rate, Fig. 7b shows that all the 
inlet geometries have similar jet spreading rate. The results also show 
that the increased inlet area has minor impact on both the maximum 
velocity decay and jet spreading rate along the centerline. 

Fig. 9. Air velocity contour for various cases at z = 0.1 m for all V20 cases.  
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3.1.2. Parametric study based on triangle-shaped inlet 
Fig. 8a shows all the cases with V = 20 L/s. The results show that the 

cases with the smallest inlet area have retained higher peak velocity 
further into the room compared to the other cases, which the authors 
believe is due to higher supply velocity. The effect of the air entrainment 
might also be different due to change in the general jet stream surface 
area. The impact of H is almost negligible when evaluating A1 cases. All 
the V20 cases managed to meet the criteria of 0.25 m/s limit for cooling 
season. At around 2 m into the room from the corner, all the cases are 
able to meet both of the requirements. It is also worth noting that A3-H2- 
V20 and A3-H3-V20 meet both requirements very close to the occupied 
zone border (0.85 m). Fig. 8b show all the V30 cases. The results show 
that with this volume flow only the A3 cases are able to meet the 
requirement of 0.15 m/s at the border of the occupied zone. Based on 
these results it can be seen that there is a correlation between the volume 
flowrate and how far into the room the supply air can reach with a 
certain amount of momentum. However, it is important to evaluate the 
nominal inlet velocity rate as well. In Fig. 8c six cases are singled out to 
evaluate the effect of the nominal inlet velocity rate. Firstly, the case A1- 
H2-V10 is compared against A3-H2-V20 since they both have the same 

Uin (0.75 m/s). Even though these cases have the same inlet velocity 
other factors influence how far the jet can reach out into the room. These 
factors are flow rate, the area of the inlet and might also depend on the 
inlet velocity profile when the air is exiting the nozzle into the room. In 
addition, when comparing other sets, such as A1-H2-V05 vs. A3-H2-V10 
and A1-H2-V20 vs. A2-H2-V30, which have Uin at 0.38 and 1.5 m/s 
respectively, there is a difference in how far the jet can reach into the 
room when compared to one another. One conclusion that can be drawn 
from this is that Uin by itself cannot decide how far the jet can travel into 
the room, rather it must be combined with other design parameters in 
order to get a full picture of the flow field and the capability of the jet 
stream. It is also important to evaluate the entire plane (X,Y) at z = 0.1 m 
to ascertain how much of the space does not meet the requirement of air 
velocities during the summer and winter season. 

Table 3 shows the total area of the occupied zone (which is 36 m2) 
that is above 0.15 and 0.25 m/s for the cases that were configured with 
V20 and V30. However, since all the cases with flow rate V5 and V10 
had lower air velocity than 0.15 m/s at Z = 0.1 m they have been 
excluded from the table. The results show that for V20 cases only a small 
part of the area does not meet the requirement during winter, especially 

Fig. 10. Air velocity contour for various cases at z = 0.1 m for all V30 cases.  
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the A1 cases. This area is relatively small, between 0 and 5.6% of the 
total area. For the V30 cases with the focus on summer, all the cases are 
below 3.6%. When evaluating the V30 cases for the winter requirement 
the results show that a significant part of the room area does not meet 
the requirement, especially the A1 cases which ranges between 17.8 and 
20.6%. The results also show that cases configured with V30 show a 
strong correlation between increasing inlet surface area and decreased 
area that does not meet the winter requirement. The cases with the 
highest area that do meet the requirement in all weather conditions are 
A3-H2 and A3-H3. These results show that both the volume flow and 
inlet size area are important to the velocity development over the entire 
floor area in the occupied zone. In order to visualize these results and to 
evaluate where in the room these regions appear, contour plots are 

presented in Fig. 9 and Fig. 10 over the occupied zone. 
As illustrated in the velocity contour plots in Fig. 9 and 10, the 

generated airflow pattern is strongly dependent on the flow rate but also 
on the size or area of the inlet device to some degree. The specific shape 
of the airflow pattern is due to the placement of the inlet in the corner 
which creates a powerful confinement of the air jet as it exits the inlet 
and hits the floor. This shape is also enhanced by the confinement effect 
of the room walls which creates a toothlike contour formation. The 
critical area with high velocities is predominantly generated close to the 
inlet. The contour plots also show that cases with high flow rate have a 
larger coverage of the space compared to lower flow rate. When 
comparing the impact of the height placement of similar configurations, 
i.e., A1-H1-V20 (Fig. 9a) vs. A1-H2-V20 (Fig. 9b) vs. A1-H3-V20 
(Fig. 9c), the impact on the flow field is very small when compared to 
the change in flow rate or inlet surface area. 

3.1.3. Applicability of the model with other room sizes 
Fig. 11 shows the results of the velocity development along the 

centerline at various distances from the corner when evaluating three 
different room sizes for the case with the configuration of A2, H2 and 
V30. At the distance x = 0.7 m (Fig. 11a), the velocity profile is very 
similar in the core region of the jet flow field up to y/h ≈ 0.02. Between 
y/h ≈ 0.02–0.05 there is a very small difference between the room sizes 
in which the room 7.2 × 7.2 m and 9.6 × 9.6 m show a slightly higher 
velocity compared to the 4.8x4.8 m. The authors believe this is due to 
the confinements effect of the room size. At a further distance of x = 1.0 
m (Fig. 11b), the difference between the velocity profile starts to 
disappear and at x ≥ 1.5 m (Fig. 11c–f) the difference is almost negli-
gible. A similar result is also shown in Fig. 12 when evaluating the 
maximum velocity decay and jet spreading rate. The maximum velocity 
decay and the jet spreading rate are almost identical between the three 
room sizes. 

These results indicates that the velocity profile results (Fig. 8) in 
section 3.1.2 might also be applicable for room sizes between ≈25 and 

Fig. 11. (a–f) The velocity developments along the centerline of the floor at various distances from the inlet for different room sizes.  

Fig. 12. The effects of room size on (a) maximum velocity decay and (b) jet 
spreading rate along the centerline of the floor. 
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100 m2 as long as the room is square shaped. Fig. 13 shows that com-
parison between a non-confined room (Fig. 13a) and the 7.2 × 7.2 m 
(Fig. 13b) sized room. The impact of the confinement can be clearly seen 
in Fig. 13b where a specific formation appears which looks like a tooth 
formation. The confinement effect is most noticeable at the diagonal 
centerline at a distance of x ≥ 3 m where the velocity is hampered by the 
confinement of the opposite walls. The confinement effect forces the jet 
stream to spread more to the sides and upwards. However, when looking 
in the region close to the inlet x ≤ 3 m there is almost no impact from the 
confinement effect. 

3.2. Regression analysis results 

3.2.1. Regression analysis of maximum velocity decay and jet spreading 
rate 

The underlying case data for this regression analysis is listed in 
Table 2. Quadratic models including all the terms were developed and 
evaluated in the statistical software. Another way to identify factors that 
have the most influence on the response value is by using a Pareto chart 
of standardized effects [38,39]. The Pareto chart shows the relative 
strength and statistical significance of input parameters on the output 
response. The reference line on the charts indicates which effects are 
significant and which are not depending on which side of the reference 
line they are. If the input value is greater than the reference line, then 

Fig. 13. Air velocity contour at z = 0.1 m for a) non confined room and b) confined room (7.2 × 7.2 m).  

Fig. 14. (a–b) show Pareto chart of the standardized effect for Umax/Uin and y0.5/√A, (c–d) show normal probability plot for Umax/Uin and y0.5/√A.  
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this is considered a significant effect. Thus, all the factors that have less 
effect than the reference line are considered insignificant. The equations 
obtained for the maximum velocity decay are Eq. (6) (extended version) 
and Eq. (7) (simplified version). The equations obtained for the jet 
spreading rate are Eq. (8) (extended version) and Eq. (9) (simplified 
version). 

Umax

Uin
= 1.0234 − 0.09978

(
x
̅̅̅
A

√

)

+ 0.000006Re + 0.002685
(

x
̅̅̅
A

√

)2

(6)  

Umax

Uin
= 3.7544

(
x
̅̅̅
A

√

)− 1.084

(7)  

y0.5
̅̅̅
A

√ = 0.2044+ 0.07667
(

x
̅̅̅
A

√

)

− 0.000021Re (8)  

y0.5
̅̅̅
A

√ = 0.0548 + 0.0752
(

x
̅̅̅
A

√

)

(9) 

The quality fit of the regression equation is indicated by the coeffi-
cient of determination (R2) which is the proportion of the variation in 
the dependent variable that is predictable from the independent vari-
ables. The R2 value for Eqs. (6) and (8) were 94.99% and 95.78% 
respectively. Evaluating the Pareto chart in Fig. 14a (for Eq. (6)) it can 
be seen that x had the most significant impact on Umax/Uin followed by 
(

x̅ ̅̅
A

√

)2
and Re. Evaluating the Pareto chart in Fig. 14b (for Eq. (7)) it can 

be seen that 
(

x̅ ̅̅
A

√

)
had the most significant impact on y0.5/√A followed 

by Re. The normal probability plot of residuals as shown in Fig. 14c–d. 
As shown in the figures the residuals approximately follow the center-
line line and this indicates that they satisfied the normality assumption 
for the response, i.e., the residuals are normally and independently 
distributed with mean zero and variance [40]. The authors have also 
purposed alternative equations for Umax/Uin (Eq. (7)) and on y0.5/√A 

(Eq. (9)) in a more simplified form that only relies on 
(

x̅ ̅̅
A

√

)
. The R2 value 

for Eqs. (7) and (9) were 95.14% and 89.41% respectively. The simpli-
fied equations are also very similar to the equation proposed in Refs. [7, 
24] even though they evaluated a wall center-placed inlet. The results 
obtained in this study show similar flow development as shown in 
Fig. 15, especially for the jet spreading rate. However, it can be seen that 
the wall confinement effect (90◦ vs. 180◦) is having a significant impact 
on the maximum velocity decay. 

4. Conclusion 

In the first part of this study the influence of diffuser geometry, inlet 
surface area, inlet discharge height and the supply air flow rate on the 
velocity developments along the centerline of the floor was evaluated for 
a novel ADS named CIJV. A validated CFD model was created based on 
experimental measurements. A total of 24 different cases were evaluated 
and a parametric study was conducted. The results showed that the 
diffuser geometries used in this study had a minor effect on the velocity 
developments along the centerline of the floor except for cases with H1 
and x ≤ 0.7. When evaluating the result at x ≥ 0.85 m results showed a 
small difference between the inlet geometries. In terms of maximum 
velocity decay and jet spreading rate along the centerline, the results 
showed minor difference between different inlet geometries. The results 
also indicated that the larger inlet area (A3) contributed to slightly 
higher velocity. 

In the second study all the models with V < 20 L/s managed to 
comply with the BBR air velocity standard both for summer and winter 
period. For the V20 cases in the winter period only the A1 cases had a 
small part of the space not meeting the requirement (5.3–5.6%). For the 
V30 cases with the focus on summer, only a small part of the occupied 
area did not meet the requirement. The case with the highest occupied 
area that did not meeting the requirements was A1-H3 with 3.6%. The 
results for the V30 cases for the winter requirement showed that a sig-
nificant part of the room area did not meet the requirement, especially 
the A1 cases which ranged between 17.8 and 20.6%. The best per-
forming cases, in terms of meeting the velocity requirement for both 
summer and winter conditions were A3-H2 and A3-H3. These results 
showed that the area of the inlet and the volume flow had strong cor-
relation with the obtained velocities, i.e., smaller area or higher flow 
rate resulted in a higher velocity. 

The applicability evaluation showed that the results can used for 
room sizes between ≈25 and 100 m2. However, there is still a confine-
ment effect which needs to be taken into consideration. The confinement 
effect is most noticeable at the diagonal centerline at a distance of x ≥ 3 
m where the velocity is hampered by the confinement of the opposite 
walls. 

In the regression analysis the results showed that 
(

x̅ ̅̅
A

√

)
had the most 

significant impact on the evaluation of Umax/Uin and y0.5/√A followed 
by Re. One design parameter that showed little impact on Umax/Uin and 
y0.5/√A was h. When looking at the velocity contours when comparing 
the triangle cases, the results show that the generated airflow velocity is 
strongly dependent on the flow rate and to some degree on the inlet area 
size. 

Fig. 15. Comparisons with Karimipanah and Awbi (2002) and Chen et al. (2012): (a) jet maximum velocity decay; (b) jet spreading rate along the centerline of 
the floor. 

A. Ameen et al.                                                                                                                                                                                                                                  



Building and Environment 223 (2022) 109486

16

Funding statement 

Internal research funding from the University of Gävle. 
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