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A B S T R A C T

Ventilation is required to provide a healthy and comfortable indoor environment for building occupants.
However, proper design of ventilation strategies requires detailed information about the indoor airflow, which
can be obtained using computational fluid dynamics (CFD) simulations. CFD simulations have to be performed
with the utmost care, as they are very sensitive to the chosen approach and computational and physical para-
meters imposed. This paper presents a systematic analysis of the impact of computational and physical para-
meters on non-isothermal mixing ventilation in an enclosure with a heated floor. The results from CFD simu-
lations are validated with experimental data from literature. Six computational and physical parameters are
tested: (1) computational grid resolution, (2) Reynolds-averaged Navier-Stokes (RANS) turbulence models, (3)
inlet velocity, (4) inlet turbulent kinetic energy, (5) near-wall treatment, and (6) discretization schemes. It is
shown that indoor velocities are more sensitive to the change of computational and physical parameters com-
pared to air temperatures and that none of the five tested RANS turbulence models clearly outperforms the other
models for both velocities and temperatures. The largest influence on the results is observed for the prediction of
mean velocity using different types of near-wall treatment. In addition, if the inlet velocity is decreased by 25%
and 50%, the direction of the recirculation cell changes from clockwise to counter-clockwise.

1. Introduction

Ventilation is required to provide a healthy and comfortable indoor
environment for the occupants of buildings. In particular, natural
ventilation can be used as a sustainable and energy-efficient solution to
reduce indoor temperature and thus decrease the cooling energy de-
mand of buildings. However, a proper design of ventilation strategies,
whether mechanical or natural, requires detailed information about the
velocity and temperature distribution in the enclosure, which is not
straightforward. Indoor airflow is complicated due to the combination
of free stream flow, near-wall effects, the presence of separation and
reattachment zones and the presence of thermal effects.

In the past, a lot of research focused on modeling ventilation and
evaluating its performance either by experimental (e.g. Refs. [1–9]),
analytical (e.g. Ref. [7]) or computational methods (e.g. Refs.
[1,5,9–21]). A considerable amount of studies concerning indoor air-
flow was carried out using computational fluid dynamics (CFD) (e.g.
Refs. [5,9–36]). However, in CFD the accuracy and reliability of the
solution strongly relies on the chosen approach, boundary conditions
and computational settings. The vast majority of ventilation studies

were performed using Reynolds-averaged Navier-Stokes (RANS) simu-
lations, although it is recognized that for some cases large eddy simu-
lations (LES) can provide more accurate results (e.g. Refs. [30–32]).
However, the grid requirements and computational costs associated
with LES are considerably higher than for RANS, which is why the
RANS approach is still most often used. When performing RANS si-
mulations, a proper turbulence model is necessary to provide closure to
the governing equations. Its ability to correctly reproduce the turbu-
lence quantities and its influence on the mean velocities and heat
transfer processes is of great importance concerning the accuracy of the
simulation results, therefore, validation of turbulence models for indoor
airflow is imperative. Several researchers performed validation of tur-
bulence models for indoor airflow under isothermal (e.g. Refs.
[13,27,32–34]) or non-isothermal conditions (e.g. Refs.
[16,21,25,26,29,31,35]).

Some studies considered non-isothermal mixing ventilation flows.
For example, Chen [35] investigated five different k-ε turbulence
models (standard k-ε model, a low-Reynolds number (LR) k-ε model, a
two-layer k-ε model, a two-scale k-ε model and a renormalization group
(RNG) k-ε model) for the prediction of airflow and convective heat

https://doi.org/10.1016/j.ijthermalsci.2018.03.001
Received 13 July 2017; Received in revised form 12 November 2017; Accepted 1 March 2018

∗ Corresponding author.
E-mail address: k.kosutova@tue.nl (K. Kosutova).

International Journal of Thermal Sciences 129 (2018) 343–357

1290-0729/ © 2018 Elsevier Masson SAS. All rights reserved.

T

http://www.sciencedirect.com/science/journal/12900729
https://www.elsevier.com/locate/ijts
https://doi.org/10.1016/j.ijthermalsci.2018.03.001
https://doi.org/10.1016/j.ijthermalsci.2018.03.001
mailto:k.kosutova@tue.nl
https://doi.org/10.1016/j.ijthermalsci.2018.03.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijthermalsci.2018.03.001&domain=pdf


transfer in a 2D enclosure. He concluded that overall these models were
able to predict the mean velocity fairly well but they performed poorly
in predicting turbulent kinetic energy. The RNG k-ε model emerged as
the best model for simulation of indoor airflow among the tested k-ε
turbulence models, however, it was also noted that all k-ε models failed
to predict the anisotropic turbulence of the airflow in this particular
case [35]. In addition, Chen [25] studied the prediction of indoor air-
flow by Reynolds-stress models (RSM) (two with isotropization of
production assumption and a quasi-isotropic model) and the standard k-
ε model for natural, forced and mixed convection in a 2D enclosure. For
forced convection, which in this case represented mixing ventilation, all
RSM models showed a better performance than the standard k-ε model;
however, the improvement was not significant [25]. In addition, the
better performance of RSM over the k-ε based models was also con-
firmed by a mixing ventilation study of Moureh and Flick [36], in which
the RNG k-ε model failed to predict any separation of the flow, while
the RSM correctly predicted separation of the flow as well as the sec-
ondary recirculation vortex.

Costa et al. [16] investigated the performance of eight low-Reynolds
(LR) number versions of the k-ε model and the high-Reynolds number
k-ε model by Chieng and Launder [37] for 2D non-isothermal indoor
mixed convection flow. The LR number versions of the k-ε model solve
the same two transport equations (k and ε) in the near-wall region as in
the fully turbulent region, however, they use damping functions to take
into account the reduced levels of turbulent viscosity close to the wall,
while the high-Reynolds number versions either bridge the near-wall
region using wall functions or use the two-layer model with the one-
equation Wolfshtein model [38] for the viscosity affected region (low-
Reynolds number modeling of the near-wall flow), depending on the
employed near-wall grid resolution. The authors reported that all the
models qualitatively reproduced the main features of the flow and
overall the best performance was achieved with the LR k-ε model by
Nagano and Hishida [39] followed by the high-Re number k-ε model,

which actually outperformed all of the other LR k-ε models.
As expected, the conclusions on which turbulence model is the best

for predicting indoor airflows are not always in line with each other.
While some studies that focused on non-isothermal airflow concluded
that the RNG k-ε model provided the best agreement with the experi-
mental results (e.g. Ref. [35]), other studies suggested that the best
results can be obtained with RSM (e.g. Refs. [15,25]), which can cor-
rectly predict main features of the airflow as well as secondary vortices.
Although it is known that the performance of RSM is potentially su-
perior due to the inclusion of transport equations for each of the six
individual Reynolds stresses (e.g. Ref. [40]), it is also associated with
higher computational costs and less straightforward convergence (e.g.
Ref. [25]).

Whilst all abovementioned studies concentrated solely on turbu-
lence model validation, few studies considered the influence of different
geometrical or thermal parameters on the flow structure. Costa et al.
[17] performed a parametric study varying the length of the enclosure,
width of the inlet slot, wall temperatures and the ratio of inertia to
buoyancy forces. The authors concluded that in case of fixed airflow
rates it is possible to find an optimal width of the inlet jet section al-
lowing a minimum velocity of the return flow. In addition, they re-
ported complete flow reversal in case of low jet momentum in combi-
nation with significant temperature differences between the
temperature of the inlet air and walls. Flow reversal was also reported
by Ezzouhri et al. [41] in their LES study of turbulent mixed convection
in a 3D cavity where flow bifurcation was characterized by a critical
Froude number.

Although a couple of parametric studies on non-isothermal mixing
ventilation were published (e.g. Refs. [16,17,21]), to the best knowl-
edge of the authors, a comprehensive sensitivity study assessing the
influence of computational and physical parameters on the simulation
results for non-isothermal mixing ventilation has not yet been per-
formed.

Nomenclature

Roman symbols

|V| Velocity magnitude, [m/s]
Dh Hydraulic diameter, [m]
g Gravitational acceleration, [m/s2]
H Height of the enclosure, [m]
hin Inlet height, [m]
I Turbulence intensity, [%]
k Turbulent kinetic energy, [m2/s2]
L Length of the enclosure, [m]
O Observed value, [°C or m/s]
P Predicted value, [°C or m/s]
T Temperature, [°C]
Tfl Floor temperature, [°C]
Tin Inlet temperature, [°C]
Tw Wall temperature, [°C]
U Streamwise velocity, [m/s]
Uin Inlet velocity, [m/s]
Uref Reference velocity, [m/s]
V Vertical velocity, [m/s]
y* Dimensionless wall distance, [–]

Greek symbols

β Thermal expansion coefficient, [1/K]
ε Turbulence dissipation rate, [m2/s3]
ν Kinematic viscosity, [m2/s]
ω Specific dissipation rate, [1/s]

Dimensionless numbers

Fr Froude number
Gr Grashof number
Pe Peclet number
Pr Prandtl number
Re Reynolds number
Ri Richardson number

Acronyms

CFD Computational fluid dynamics
FAC1.05 Factor of 1.05 observations
FAC1.25 Factor of 1.25 observations
FB Fractional bias
LES Large eddy simulation
LR Low-Reynolds
LRNM Low-Reynolds number modeling
MUSCL Monotonic upwind scheme for conservation laws
QUICK Quadratic upstream interpolation for convective kine-

matics
RANS Reynolds-averaged Navier-Stokes
RNG Renormalization group
RSM Reynolds stress model
SIMPLE Semi implicit method for pressure linked equations
SST Shear-stress transport
ST Standard
TKE Turbulent kinetic energy
WF Wall function
WT Wall treatment
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The objective of this study is to assess the accuracy of 3D steady-
state RANS simulations for non-isothermal mixing ventilation flow in a
generic enclosure. The study focuses on the impact of six computational
and physical parameters on the simulation results: computational grid
resolution (Section Impact of computational grid resolution), turbu-
lence models (Section Impact of turbulence model), inlet velocity
(Section Impact of inlet velocity), inlet turbulent kinetic energy (Sec-
tion Impact of inlet turbulent kinetic energy), near-wall treatment
(Section Impact of near-wall treatment) and spatial discretization
schemes (Section Impact of spatial discretization schemes).

Section Experimental setup provides an overview of the experi-
mental results used for the validation study. The CFD simulations for
the reference case (including validation study) are presented in Section
CFD simulations: reference case. Section CFD simulations: impact of
computational and physical parameters presents the results of the
parametric study. The paper is concluded with Discussion (Section
Discussion) and Conclusions (Section Conclusions).

2. Experimental setup

Laboratory experiments were performed by Blay et al. [42] to
analyze the non-isothermal flow in a slot-ventilated enclosure. The
experiments were performed in a cavity with dimensions
1040×1040×700mm3 (D×H×W) equipped with an 18mm high
linear inlet slot (hin) and a 24mm high linear outlet slot (hout) located
in the wall opposite to the inlet. The cavity was divided by transparent
double glazed walls into three smaller cavities: one central working
cavity (width 300mm) where the measurements were performed, and
two guard cavities (each of them 200mm wide) where the same flow as
in the working cavity was reproduced (Fig. 1b). Dividing the cavity into
three parts ensured a fairly good two-dimensional flow in the central
cavity by eliminating thermal effects between the working cavity and
its surroundings [42]. A fixed wall temperature of 15 °C was imposed at
the four active walls (Fig. 1b), which were made of flat aluminum heat
exchangers and maintained at a constant and uniform temperature
using a temperature controlled water system [42]. The floor of the
enclosure was heated to 35.5 °C. In order to ensure a uniform velocity
over the width and height of the inlet, screens and honeycombs were
positioned upstream of the inlet. The supply air was cooled down using
a water-air heat exchanger where the water was controlled by a cryo-
thermostat with a precision of 0.25 °C and was supplied to the enclosure
with a velocity of 0.57m/s and a temperature of 15 °C. Turbulence
intensity measured at the inlet was 6%. Time-averaged velocities and
turbulent fluctuations were measured when the indoor conditions
reached a statistically steady state. They were obtained using a two-
color laser Doppler velocimetry device. The temperature measurements
were performed with a 20 μm CreAl thermocouple [42].

3. CFD simulations: reference case

3.1. Computational domain and grid

The computational domain is created only for the working cavity;
the guard cavities are excluded and their effect is reproduced by making
the two side walls (without inlet and outlet) of the domain adiabatic
(Fig. 2a). The fully structured hexahedral computational grid is created
using the surface grid-extrusion technique by van Hooff and Blocken
[12], which allows full control of the quality of each grid cell. First, a
2D grid for a vertical plane is created which is subsequently extended in
the third dimension. The grid contains 25,704 cells and is illustrated in
Fig. 2b. A finer grid is applied in the boundary layer for a detailed
prediction of the large velocity gradients and surface-to-air heat
transfer. In addition, a higher grid resolution is applied in the shear
layer of the incoming jet. The dimensionless wall distance (y∗) is lower
than 5 in order to allow the use of low-Reynolds number modeling
(LRNM), which means resolving the flow all the way down to the vis-
cous sublayer and which increases the prediction accuracy of con-
vective heat transfer from the heated floor to the air inside the en-
closure. This is important as the largest resistance to convective heat
transfer is present in this thin viscous sublayer.

3.2. Boundary conditions

The boundary conditions for the CFD simulations are chosen to
reproduce the boundary conditions used in the experiment as much as
possible. The top wall and the walls in which the inlet and outlet are
situated are maintained at a fixed surface temperature equal to the
temperature of the inlet air: Twall = Tin= 15 °C. All walls are modeled
as smooth no-slip walls. The floor temperature (Tfl) is set to 35.5 °C. The
two side walls are considered to be adiabatic; i.e. zero heat flux con-
dition. A uniform velocity of 0.57m/s is imposed at the inlet (Uin). The
corresponding Reynolds number Re = (Uinhin)/ν, with ν the kinematic
viscosity, and the horizontal jet Froude number Fr = Uin/√(gβL (Tfl-
Tin)), with g the gravitational acceleration and β the thermal expansion
coefficient, are equal to Re= 684 and Fr= 5.31, respectively. The
Richardson number (Ri) can be calculated based on the Grashof and
Reynolds number: Gr/Re2 with Gr = (gL3β(Tfl-Tin))/ν2. The Richardson
number determines the importance of buoyancy forces in mixed con-
vention flow and is equal to Ri= 0.038 for this case, indicating that
buoyancy effects on the airflow pattern are limited. The turbulence
parameters are specified using the turbulence intensity (I) and the hy-
draulic diameter (Dh). The level of turbulence intensity, I= 6%, cor-
responds to the measured value [42]. The hydraulic diameter,
Dh= 0.035m, is calculated using Eq. (1):

= +D WH W H(4 )/(2( ))h (1)

with W the width and H the height of the inlet (= hin). Zero static gauge
pressure is imposed at the outlet.

Fig. 1. Geometry of the enclosure: (a) dimensions in mm; (b) division of the enclosure.
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Fig. 2. Computational model of the enclosure used for the CFD simulations; (a) scheme of the model indicating boundary conditions imposed on the walls of the
model; (b) computational grid (25,704 cells). All dimensions are in mm.

Fig. 3. Comparison of CFD results with the experimental data from literature [42]. (a,b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical centerline. (c,d)
(T-Tin)/Tin along: (c) horizontal centerline; (d) vertical centerline.
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3.3. Solver settings

The commercial CFD code ANSYS Fluent 15 [43] is used to perform
the simulations. In the reference case, the 3D steady RANS equations
are solved together with the RNG k-ε turbulence model to provide
closure and in combination with LRNMas near-wall treatment. Steady
RANS is a commonly used approach to model indoor airflow despite its
transient nature (e.g. Refs. [11–22,25,29,33–36]). Although RANS has
some shortcomings, it can reproduce indoor airflow with reasonable
accuracy. For example, van Hooff et al. [13] showed that steady RANS
can predict indoor airflow in an enclosure also for transitional slot Re
numbers (Re≈ 1000 and Re≈ 2500). LES can provide slightly more
precise results but at much higher computational costs. The potential
improvement in accuracy of the results obtained by LES over RANS is
not always large enough to justify the very large increase in computa-
tion time (e.g. Ref. [30]). The RNG k-ε turbulence model by Yakhot
[44] is an improved version of the standard k-ε model and it is widely
used for the CFD simulations of indoor airflow (e.g. Refs. [35,45–47]).

The SIMPLE algorithm is a guess-and-correct iterative procedure for
calculating pressure and it is commonly used for pressure-velocity
coupling for simulating indoor airflow in enclosures (e.g. Ref. [46]).
Second-order discretization schemes for both the convective and the
viscous terms of the governing equations as well as for pressure inter-
polation are chosen based on the best practice guidelines (e.g. Refs.
[22,48–50]). The use of second-order discretization schemes is favored
over first-order discretization schemes due to their much less diffusive
character. The Boussinesq approximation is used for buoyancy, which is
justified since β(Tfl-Tin)= 0.07 ≪ 1, where Tfl-Tinf is the maximum
occurring temperature difference (e.g. Ref. [43]). Radiative heat
transfer was not modeled, in line with the experimental setup that was
designed to remove the effects of radiation: “Radiative heat transfer
between wall surfaces and conductive heat transfer within the walls
were not taken into consideration thanks to imposed temperature
conditions on the four active walls as boundary conditions. The two
other transparent walls separating the central cavity were considered to
be adiabatic” [42]. The latter statement points to the presence of the
two guard cavities. Convergence is assumed to be obtained when all the
residuals level off. The scaled residuals reach minimum values of 10−5

for continuity, turbulent dissipation rate, turbulent kinetic energy and

for x-, y- and z-velocity and 10−8 for energy. Oscillatory convergence is
observed, which implies that it is not possible to reach a unique con-
verged solution, and that the solution depends on the number of
iterations after which the simulation is terminated. This can occur when
an inherently transient flow is forced to be predicted by steady RANS
simulations [50]. Ramponi and Blocken [33] showed that accurate si-
mulation results could be obtained when oscillatory convergence is
present, however, the results need to be averaged over at least a period
of oscillatory behavior [50]. Therefore, the variables are calculated by
averaging over 1800 iterations in order to obtain a statistically steady
solution.

3.4. Validation with experimental results

The CFD results for the reference case are compared with the ex-
perimental results by Blay et al. [42] in terms of dimensionless mean
streamwise (U/Uin) and vertical velocities (V/Uin) and air temperatures
((T-Tin)/Tin) along the horizontal (y/L=0.5) and vertical (x/L=0.5)
centerline. Note that L is equal to the depth (D) and height (H) of the
cavity; both of which are 1040mm. Fig. 3 shows a very good agreement
of predicted velocities and temperatures with experimental results. CFD
slightly underpredicts (T-Tin)/Tin along both the horizontal and vertical
centerline (Fig. 3c and d). Note that error bars are plotted to indicate
the measurement accuracy, which is obtained from Blay et al. [42].

A quantitative comparison between the results obtained from CFD
and the experimental results is performed as well. The fractional bias
(FB) (Eq. (2)) and the fraction of data within a factor of 1.25 (i.e.
FAC1.25 for velocities; Eq. (3)) and within a factor of 1.05 (i.e. FAC1.05
for temperatures; Eq. (4)) are used to quantify the agreement.

= −
+

FB O P
O P0.5( ) (2)
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N

i i

P
O

1

i
i

(4)

In these equations, O corresponds to the observed (measured) values
and P corresponds to predicted (computed) values. The overbar denotes
averaging over all data points. Please note that FB is not suitable for
parameters which can take both positive and negative values, therefore
it is only used for temperature [51].

The good agreement between the CFD results and the experimental
results is confirmed by the validation metrics shown in Table 1.
FAC1.25 is above the acceptance limit of 0.5 for the mean velocities
along both centerlines. In fact, for the mean velocity on the horizontal
centerline (V/Uin) FAC1.25 is very close to the aimed value (= 1). For
temperatures, FAC1.05 is very close to the aimed value along both
centerlines and FB also indicates a very good agreement between

Table 1
Validation metrics for the reference case.

Velocity Temperature

FAC 1.25 FAC 1.05 FB

V/Uin U/Uin horizontal vertical horizontal vertical

Aim 1 1 0
Range >0.5 > 0.5 (–0.3; 0.3)
RNG k-ε 0.91 0.69 1 0.89 0.02 0.03

Table 2
Overview of computational and physical parameters used for the sensitivity analysis with an indication of the reference case.

Computational grid resolution
(Section 4.1)

Turbulence models
(Section 4.2)

Inlet velocity [m/s]
(Section 4.3)

Inlet turbulent kinetic energy×10−3

[m2/s2] (Section 4.4)
Wall treatment
(Section 4.5)

Discretization schemes
(Section 4.6)

25,704 RNG k-ε Uref= 0.57 TKEref= 1.25 Low-Re modeling 2nd order
71,000 LR k-ε 0.50Uref= 0.29 0.50TKEref= 0.63 Standard WF 1st order
200,788 SST k-ω 0.75Uref= 0.43 0.75TKEref= 0.94 Scalable WF 3rd order MUSCL

ST k-ω 0.90Uref= 0.51 0.90TKEref= 1.13 Power law
RSMa 0.95Uref= 0.54 0.95TKEref= 1.19 QUICK

1.05Uref= 0.60 1.05TKEref= 1.31
1.10Uref= 0.63 1.10TKEref= 1.38
1.25Uref= 0.71 1.25TKEref= 1.56
1.50Uref= 0.86 1.50TKEref= 1.88

a Linear pressure strain model [57].
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experimental and numerical results along both centerlines.

4. CFD simulations: impact of computational and physical
parameters

A detailed and systematic sensitivity analysis is carried out for the
reference case by varying one parameter at a time and evaluating its
impact on the simulation results. The following parameters are tested:
computational grid resolution (Section Impact of computational grid
resolution), turbulence models (Section Impact of turbulence model),
inlet velocity (Section Impact of inlet velocity), inlet turbulent kinetic
energy (Section Impact of inlet turbulent kinetic energy), wall treat-
ment (Section Impact of near-wall treatment) and spatial discretization
schemes (Section Impact of spatial discretization schemes). Table 2
provides an overview of the computational and physical parameters
used for the sensitivity analysis.

4.1. Impact of computational grid resolution

A grid-sensitivity analysis is important in terms of minimizing dis-
cretization errors and saving computational time and should be in-
cluded in every CFD study. Although a grid-sensitivity analysis is im-
perative in CFD studies it is not always performed and the
computational grid resolution can thus be regarded as a computational
parameter that can influence the results when randomly constructed.
Overall, a systematic grid refinement with a constant factor is re-
commended in all three directions in order to obtain grid-independent
or nearly grid-independent results (e.g. Refs. [50–52]). However, when
choosing a grid-refinement factor, a compromise has to be made be-
tween sufficiently coarsened/refined grid and computational time
(especially with regards to the refined grid). The grid-refinement factor
is therefore chosen based on these criteria and based on previous stu-
dies conducted for similar geometries, e.g van Hooff et al. [13] and
based on best practice guidelines by Blocken et al. [50], Roache
[51,52], Ferziger and Peric [53], Franke et al. [54] and Tominaga et al.
[55].

Two additional computational grids are constructed by refining the
reference grid with a factor of √2 in all three directions. This results in
three computational grids in total: fine grid (200,788 cells), basic grid
(71,000 cells) and coarse (reference) grid (25,704 cells). The number of
cells over the inlet is 25, 18 and 13, for the fine, basic and reference
grid, respectively. Over the outlet height, 34 cells are used for the fine
grid, 24 cells for basic grid and 16 cells for the coarse grid. Values of
maximum and average dimensionless wall distance (y∗) measured along
the centerline of the ceiling (y/L= 1) are shown in Table 3. The
computational grids used for the grid-sensitivity analysis are shown in
Fig. 4. Fig. 5a and b show the results for V/Uin and U/Uin along the
horizontal (y/L= 0.5) and vertical (x/L= 0.5) centerline (z/L=0.5).
The results obtained from all three grids are almost overlapping along
both lines. The differences between the grids are negligible (< 2.6%).
In case of (T-Tin)/Tin, the results obtained from the fine and basic grid
overlap, while the reference (coarse) grid shows small differences
compared to the other two grids. The average deviation between the
reference and the basic grid is 1.1% along the horizontal centerline and
1.98% along the vertical centerline; while the average deviation be-
tween the reference and fine grid is 1.56% along the horizontal and

2.5% along the vertical centerline. Therefore, it can be concluded that
the reference grid provides nearly grid-independent results with a large
decrease in computational demand and it is therefore used for the re-
mainder of the study.

4.2. Impact of turbulence model

Five different RANS turbulence models are assessed; four two-
equation eddy-viscosity models: (1) RNG k-ε model [44]; (2) LR k-ε
model by Abid [58]; (3) shear-stress transport (SST) k-ωmodel [59]; (4)
standard (ST) k-ω model [60]; and a second-order closure model; (5)
the linear pressure strain RSM model [57]. LR k-ε includes damping
functions to improve its accuracy in the near-wall region. The SST k-ω
model by Menter [59] is a modification of the standard k-ω model
proposed by Wilcox [60]. SST k-ω includes a blending function to
combine the use of the k-ω model near the wall region with the k-ε
model far away from the walls. The RSM solves transport equations for
all Reynolds stresses and therefore should provide a more accurate
calculation of the mean flow and turbulence properties. However, the
RSM model is associated with larger computing costs and generally less
straightforward convergence (e.g. Ref. [25]).

The influence of the turbulence model on the velocities is illustrated
in Fig. 6. Fig. 6a shows a good agreement between the experimental
data [42] and V/Uin predicted by the LR k-ε and RNG k-ε models. In the
vicinity of the wall, the SST k-ω model underpredicts V/Uin with up to
50% compared to the experimental results. The difference between the
experimental results and RSM is most pronounced at x/L=0.35 with
differences of up to 76%. Fig. 6b illustrates the comparison of U/Uin

along the vertical centerline. The LR k-ε model provides the closest
agreement with the experimental results for prediction of velocity,
followed by the RNG k-ε model, which shows small discrepancies close
to the heated wall. A comparison of (T-Tin)/Tin along the horizontal
centerline and vertical centerline is depicted in Fig. 6c–d. The tem-
perature is overpredicted by the LR k-ε model and underpredicted by
the other four turbulence models along both centerlines.

Fig. 7 shows contours of the dimensionless velocity magnitude (|V|/
Uref) in the vertical center plane. All models predict flow patterns re-
presentative of mixing ventilation, i.e. the inlet jet, jet detachment at
the ceiling and a large recirculation cell in the majority of the en-
closure. Overall, RSM predicts the lowest velocities in the regions ad-
jacent to the upstream and downstream wall and the floor. The differ-
ences between the five models are visible near the inlet wall (left wall);
the jet detaches slightly earlier from the inlet wall with ST k-ω and RSM
than in the rest of the cases, resulting in a larger recirculation cell below
the inlet jet in the top left corner of the enclosure.

The validation metrics summarized in Table 4 confirm that the best
prediction of mean velocities is achieved by RNG k-ε for the horizontal
centerline and LR k-ε for the vertical centerline. In both cases, FAC1.25
is well above the acceptance limit and very close to the aimed value (=
1). The SST k-ω and ST k-ω models do not show a good agreement
along the vertical line (U/Uin); FAC1.25 for both models is 0.31, which
is below the range of acceptance. Similarly, RSM shows an insufficient
performance along the horizontal line (V/Uin), while for the vertical
line FAC1.25 is just above the range of acceptance. However, the
temperatures along both lines are well reproduced by all turbulence
models (e.g. FB < 0.04), with the best performance by the k-ω models
(FAC1.05= 1, FB < 0.02).

From the results, it can be concluded that in this particular case,
there is no model which shows the best performance for all cases (U, V,
T); i.e. the k-ω models perform best for temperatures, but show less
good performance for velocities. Therefore, it is difficult to draw strong
conclusions on the best performing turbulence model. However, overall
the RNG k-ε model provides a slightly better agreement with experi-
mental data than the other four tested models. In addition, it is shown
that, in this particular configuration, air temperature is far less sensitive
to the choice for a certain turbulence model than velocity.

Table 3
Maximum and average dimensionless wall distance for all three grids.

Grid

y* Coarse Basic Fine

Maximum 5.1 3.4 2.8
Average 1.6 1.00 0.6
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4.3. Impact of inlet velocity

The impact of inlet velocity on the predicted dimensionless velo-
cities and temperatures along the horizontal and vertical centerline is
shown in Fig. 8. The inlet velocity is systematically changed to the
values shown in Table 2. Note that the inlet velocity (Uin) is increased
by 25% and 50% in order to assess whether RANS is able to correctly
reproduce the shift of flow direction from clockwise to anticlockwise.
This behavior is observed for critical Froude number, Fr= 5.31 in the
experiments and also in the LES study by Ezzhouri et al. [41].

Fig. 8a and b show the impact of the inlet velocity on U/Uin and V/

Uin along the horizontal and the vertical centerline, respectively. Note
that Uin differs for each case, e.g. Uin= 0.5Uref, etc. A very close
agreement with the experimental data is present for dimensionless ve-
locities based on an inlet velocity, which is 5% lower (0.95Uref) than the
reference velocity (Uref = 0.57m/s), with a mean absolute deviation up
to 13.2% along the horizontal centerline. For 0.90Uref, the mean
average deviation is 9.8% along the vertical centerline. Fig. 8a and b
show that increasing or decreasing the inlet velocity by a range of
5–10% does not significantly influence the dimensionless velocities
along both centerlines. When the reference velocity is increased by 50%
(Uin= 1.50Uref) larger differences are present. This can be attributed to

Fig. 4. Computational grid used for the grid-sensitivity analysis: (a) coarse grid (25,704 cells); (b) basic grid (71,000 cells); and (c) fine grid (200,788 cells).

Fig. 5. Results from the grid-sensitivity analysis. (a, b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical centerline. (c,d) (T-Tin)/Tin along: (c) horizontal
centerline; (d) vertical centerline.
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Fig. 6. Results from the sensitivity analysis: impact of the turbulence model. (a,b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical centerline. (c,d) (T-
Tin)/Tin along: (c) horizontal centerline; (d) vertical centerline.

Fig. 7. Velocity magnitude in plane of analysis for the turbulence models analyzed: (a) RNG k-ε, (b) LR k-ε, (c) SST k-ω, (d) ST k-ω and (e) RSM. Uref = 0.57m/s.
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the fact that the horizontal jet has a higher momentum which results in
a more downstream detachment of the wall jet from the top surface.
Moreover, the jet stays attached to the inlet wall longer (Fig. 9d). When
the inlet velocity is decreased by 25% (Uin= 0.75Uref) and 50%
(Uin= 0.50Uref) the flow direction changes from clockwise to coun-
terclockwise (Fig. 9b and c). This change can be attributed to the low
momentum level of the jet. Blay et al. [42] reported a large sensitivity
of the flow structure to the Froude number (Fr) and identified the ex-
istence of a critical range of Fr numbers around which the change in
flow direction can be observed. This observation was also confirmed by

the LES study of Ezzouhri et al. [41].
Fig. 8c and d show the prediction of dimensionless temperatures

along the horizontal (y/L= 0.5) and vertical (x/L=0.5) centerline and
indicates that the temperature distribution is less sensitive to a varia-
tion of inlet velocity than the velocity distribution. When the inlet ve-
locity changes in a range of 5–10% compared to the reference case, the
predicted temperature varies up to 2.5% along the horizontal line and
up to 8.3% along the vertical centerline compared to the reference case.
Compared to the experimental results the temperatures deviate with up
to 4% along the horizontal line and up to 14.9% along the vertical line.
For both cases of counter-clockwise behavior (Uin= 0.75Uref and
Uin= 0.50Uref), temperatures are underpredicted along the horizontal
centerline (y/L= 0.5).

Fig. 9 shows contours of |V|/Uref in the vertical center plane for four
different inlet velocities. Fig. 9a shows the clockwise flow pattern for
Uin=Uref= 0.57m/s. In this case, the jet is attached to the ceiling and
it detaches close to the outlet wall. Fig. 9b and c shows the counter-
clockwise flow pattern for Uin= 0.50Uref and Uin= 0.75Uref. The jet
does not attach to the ceiling due to the low momentum and it is de-
flected downwards and attaches to the inlet wall (left wall). Fig. 9d
shows the velocity magnitude contours for Uin= 1.50Uref. The flow
pattern is similar to the one depicted in Fig. 9a, however, jet velocity is
higher and detachment from the ceiling occurs slightly further down-
stream. In addition, lower dimensionless velocities are present close to
the sidewalls and floor for Uin= 1.50Uref.

Table 4
Validation metrics for different turbulence models.

Velocity Temperature

FAC 1.25 FAC 1.05 FB

V/Uin U/Uin horizontal vertical horizontal vertical

Aim 1 1 0
Range >0.5 > 0.5 (–0.3; 0.3)
LR k-ε 0.73 0.92 0.89 1 −0.03 −0.03
RNG k-ε 0.91 0.69 1 0.89 0.02 0.03
SST k-ω 0.73 0.31 1 1 0.01 0.02
ST k-ω 0.63 0.31 1 1 0.02 0.02
RSM 0.45 0.69 0.78 0.67 0.03 0.04

Fig. 8. Results from the sensitivity analysis: impact of the inlet velocity. (a,b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical centerline. (c,d) (T-Tin)/Tin

along: (c) horizontal centerline; (d) vertical centerline. Note that Uin differs for each case.
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Table 5 summarizes the validation metrics for the different inlet
velocities. Results obtained with velocities which resulted in a counter-
clockwise flow pattern (Uin= 0.50Uref and Uin= 0.75Uref) fall outside
the range of acceptance (> 0.5) for FAC1.25 (velocity). Moreover, the
results obtained with a 25% and 50% higher inlet velocity
(Uin= 1.25Uref and Uin= 1.50Uref) are also out of the range of accep-
tance. For the temperatures, the results from Uin= 0.50Uref fall outside
the range of acceptance for both lines, while for Uin= 0.75Uref the
results are outside the range of acceptance for the horizontal line.
However, the temperatures are within the range of acceptance for all
inlet velocities when considering FB (FB < 0.16).

4.4. Impact of inlet turbulent kinetic energy

The impact of a variation of inlet turbulent kinetic energy (TKE) on
the flow field is illustrated in Fig. 10. The sensitivity analysis is con-
ducted using eight different values for inlet TKE along with the re-
ference value (TKEref= 1.25×10−3 m2/s2). The values are depicted in

Table 2. Note that the value of inlet turbulent kinetic energy and inlet
mean velocity are correlated, however, for the sake of this analysis the
inlet turbulent kinetic energy and inlet velocity are artificially sepa-
rated in order to investigate the effect of one independent parameter
(mean velocity and then turbulent kinetic energy) on the indoor air-
flow. The variation of inlet TKE does not have a significant influence on
the flow field; the simulation results agree well with the experimental
data and show only negligible differences compared to the reference
case; up to 3.7% for 0.90TKEref for V/Uin and up to 0.7% for 1.25TKEref
for U/Uin. These findings are in line with previous studies by Saïd et al.
[61] and Joubert et al. [62], however, they are also in contradiction
with the results from Abdilghanie et al. [63], Cao and Meyers [64], and
van Hooff and Blocken [65]. This can be attributed to the fact that the
latter three studies focused on transitional inlet flow instead of fully
turbulent inlet flows. Transitional inlet flows are more sensitive to the
turbulence levels in the boundary layer and the amount of turbulence
determines the detachment point of the wall jet in the enclosure.

4.5. Impact of near-wall treatment

The physics of the near-wall flow can be taken into account in CFD
by either applying LRNM or wall functions. When using LRNM, the flow
is resolved all the way down to the viscous sublayer. Wall functions, on
the other hand, are semi-empirical formulae that do not resolve the
viscous sublayer but rather bridge the distance between the wall and
the center of the wall-adjacent cell. LRNM provides a higher accuracy,
however, it also requires a higher near-wall grid resolution. In this
section, the impact of near-wall treatment on the accuracy of the si-
mulation is analyzed. The simulations are performed with the RNG k-ε
turbulence model [44] in combination with standard wall functions,
scalable wall functions, and LRNM. Standard wall functions in ANSYS
Fluent are based on the work of Launder and Spalding [66] and are
known to deteriorate when y∗ < 11.225 [43]. Although the grid-re-
solution in the present study is too fine for the use of standard wall
functions, they are used to see to which extent their improper use
compromises the accuracy of the solution in this particular case.

Fig. 9. Velocity magnitude in a plane of analysis for different inlet velocities: (a) Uin=Uref, (b) Uin= 0.50Uref, (c) Uin= 0.75Uref, (d) Uin= 1.50Uref; Uref= 0.57m/
s.

Table 5
Validation metrics for different inlet velocities.

Velocity Temperature

FAC 1.25 FAC 1.05 FB

V/Uin U/Uin horizontal vertical horizontal vertical

Aim 1 1 0
Range >0.5 >0.5 (−0.3; 0.3)
Uin= 0.50Uref 0 0 0.27 0.33 0.08 0.16
Uin= 0.75Uref 0 0 0.18 0.88 0.11 0.01
Uin= 0.90Uref 0.54 0.85 0.82 1 0.03 0
Uin= 0.95Uref 0.91 0.85 0.82 1 0.03 0.01
Uin=Uref 0.91 0.69 1 0.89 0.02 0.03
Uin= 1.05Uref 0.73 0.61 0.82 0.89 0.04 0.02
Uin= 1.10Uref 0.82 0.54 0.82 1 0.04 0.01
Uin= 1.25Uref 0.45 0.15 0.82 0.78 0.04 0.04
Uin= 1.50Uref 0.27 0.31 0.82 0.11 0.05 0.02
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Scalable wall functions are suitable for any near-wall grid resolution, as
they avoid the deterioration of standard wall functions when
y∗<11.225.

The maximum dimensionless wall distance y∗ is equal to 5.1 along
the line passing through the center of the top surface (y/L= 1; z/
L=0.5) and along the line through the floor the maximum y∗ is equal
to 3.6. Fig. 11a and b show a comparison of numerical results with
experimental data for V/Uin and U/Uin along the horizontal and vertical
centerline. The best agreement with the experimental data is achieved
with LRNM, which accurately predicts the velocities along both cen-
terlines. The results obtained using scalable wall functions do not show
a good agreement with the experimental data; the velocity along the
horizontal centerline is significantly underpredicted from 0 < x/
L < 0.6. As expected, standard wall functions do not accurately predict
the velocities close to the inlet wall along the horizontal centerline;
predicted velocities are locally up to 50% smaller than experimental
values. Standard wall functions are known to deteriorate for grids with
y∗ below 15 [43], which is a possible explanation for the observed
differences.

Fig. 11c and d show (T-Tin)/Tin along the horizontal and vertical
centerline. The temperature is well predicted along both the horizontal
and vertical centerline by LRNM and standard wall functions. The use
of scalable wall functions yields maximum average deviations of 2.7%
for the horizontal and 4.7% for the vertical centerline.

The validation metrics for three different wall treatments are

summarized in Table 6. LRNM shows a very good performance for ve-
locities along the horizontal line where FAC1.25 is 0.91, which is very
close to the aimed value (= 1), however, the results along the vertical
centerline are less satisfactory (= 0.69). Results obtained with scalable
wall functions along the horizontal centerline fall outside the range of
acceptance. The temperatures are predicted with sufficient accuracy for
all studied near-wall treatments.

4.6. Impact of spatial discretization schemes

In this section, the impact of spatial discretization schemes on the
accuracy of the solution is analyzed. Five discretization schemes are
used: first-order schemes, second-order schemes, third-order monotonic
upstream-centered schemes for conservation laws (MUSCL), quadratic
upstream interpolation for convective kinematics (QUICK) schemes and
power-law schemes. CFD guidelines (e.g. [22, 56, 67–68]) consistently
stress that first-order schemes should not be used as it introduces large
diffusive errors in both streamwise and normal directions, and that at
least second-order schemes are recommended.

The simulation results are shown in Fig. 12. The velocity along the
horizontal centerline (V/Uin) is reproduced by MUSCL and QUICK
schemes with a maximum absolute deviation of 14% in both cases
(Fig. 12a). The discrepancies are mostly observed close to the inlet wall
for QUICK schemes and close to the outlet wall for MUSCL schemes.
Section Validation with experimental results showed that second-order

Fig. 10. Results from the sensitivity analysis: impact of the inlet turbulent kinetic energy. (a, b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical
centerline. (c,d) (T-Tin)/Tin along: (c) horizontal centerline; (d) vertical centerline.
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schemes provide a very good agreement with experimental data. The
results from first-order schemes show a strong resemblance with those
from power-law schemes, and both do not provide a good agreement
with the experiments. The power-law schemes determine face values
using an exponential profile which describes the value of the parameter
as a function of horizontal location between two adjacent cell values.
This profile depends on the Peclet number (Pe), which is the ratio be-
tween convective and diffusive heat transfer in a fluid. If Pe > 10,
convection dominates and the face value becomes equal to the up-
stream cell value, devaluating the power-law scheme to a first-order
upwind scheme [43]. The Peclet number (Pe=Re Pr) is in this case

equal to 490 for Re=684 and Prandtl number (Pr) equal to 0.716, and
therefore the performance is very similar to that of first-order schemes.
Power-law schemes and first-order schemes significantly underpredict
the velocities very close to the floor, which are up to 62.5% lower than
the experimental values. Along the vertical centerline, the best perfor-
mance is obtained by second-order discretization schemes with an
average absolute deviation of 7%, followed by QUICK schemes with an
average absolute deviation of 15%. Moreover, third-order MUSCL
schemes provide very similar results as QUICK schemes.

Fig. 12c and d show profiles of (T-Tin)/Tin. In general, the predicted
temperatures agree well with the measured temperatures, with a
maximal average deviation of 4% for the first-order schemes. The best
performance on the horizontal centerline is achieved by third-order
MUSCL schemes (1.6%) closely followed by second-order schemes
(1.9%). Similarly as for the velocities, the results from first-order
schemes are almost identical to those from power-law schemes and
show the worst agreement with experimental results. The best agree-
ment along the vertical centerline (Fig. 12d) is again achieved with
QUICK schemes with an average absolute deviation of 2.6%. Second-
order schemes and third-order MUSCL schemes also provide a very
good estimate of temperatures along the vertical centerline, with de-
viations of 2.9% and 2.7%, respectively.

Table 7 summarizes the validation metrics for simulations per-
formed with different discretization schemes. For the velocities along
the horizontal centerline, the results obtained with first-order and

Fig. 11. Results from the sensitivity analysis: impact of the near wall treatment. (a, b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical centerline. (c,d)
(T-Tin)/Tin along: (c) horizontal centerline; (d) vertical centerline.

Table 6
Validation metrics for different near-wall treatment.

Velocity Temperature

FAC 1.25 FAC 1.05 FB

V/Uin U/Uin horizontal vertical horizontal vertical

Aim 1 1 0
Range >0.5 >0.5 (−0.3; 0.3)
LRNM 0.91 0.69 1 0.89 0.02 0.03
ST WF 0.64 0.69 1 0.89 0.01 0.04
Scal WF 0.36 0.08 0.89 0.78 0.03 −0.03

WF – wall functions.

K. Kosutova et al. International Journal of Thermal Sciences 129 (2018) 343–357

354



power-law schemes are outside the range of acceptance. Validation
metrics for temperature show a very good agreement between simula-
tion results and experimental results for all analyzed discretization
schemes along both centerlines. Note that FAC 1.05 for temperatures
along the vertical centerline seems to indicate a better agreement with
first-order than with second-order schemes. This is caused by the un-
derprediction of temperatures very close to the floor by second-order
schemes. However, in the other points along the vertical centerline the
temperatures predicted by second-order schemes show a better agree-
ment with experimental data than the first-order schemes.

Overall, second-order schemes, third-order MUSCL schemes and
QUICK schemes all provide a very good agreement with the experi-
mental data for both velocities and temperatures along both centerlines.
However, the simulations using QUICK and MUSCL schemes show
highly oscillatory behavior, therefore the results are averaged over a
sufficiently large amount of iterations, 3000 in this case, which results
in an increased computation time. Given the relatively small difference
between the results produced by second-order schemes and QUICK and
MUSCL schemes, the use of second-order schemes might be favored in
this particular case.

5. Discussion

5.1. Comparison with other studies

Comparison with previous studies is not always straightforward due
to the different focus, assessment criteria or different geometries used.
Moreover, the presence of non-isothermal flow makes the comparison
more difficult since most of the other benchmark studies were carried
out for isothermal conditions. However, there are some studies of which
the results can be compared with those from the present study. Ezzouhri
et al. [41] found a change of direction from clockwise to counter-
clockwise for an inlet velocity of Uin= 0.22m/s for the same cavity
using LES, similar to the present study in which the velocity causing the
change of direction is Uin= 0.28m/s.

Fig. 12. Results from the sensitivity analysis: impact of discretization schemes. (a, b) V/Uin and U/Uin along: (a) horizontal centerline; (b) vertical centerline. (c,d) (T-
Tin)/Tin along: (c) horizontal centerline; (d) vertical centerline.

Table 7
Validation metrics for different discretization schemes.

Velocity Temperature

FAC 1.25 FAC 1.05 FB

V/Uin U/Uin horizontal vertical horizontal vertical

Aim 1 1 0
Range >0.5 > 0.5 (-0.3; 0.3)
1st order 0.45 0.62 1 1 0.03 0.03
2nd order 0.91 0.69 1 0.89 0.02 0.03
3rd order MUSCL 0.82 0.85 1 1 0.02 −0.03
Power law 0.45 0.62 1 1 0.03 0.03
Quick 0.72 0.92 1 1 0.01 0.03
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Conclusions regarding the choice of turbulence model for a similar
cavity are also not always in line with each other. For example, Costa
et al. [16] and van Hooff et al. [13] reported a good agreement with
experimental data using a LR number version of the k-ε model, while
Moureh and Flick [36] concluded that the best agreement was achieved
using RSM. In the present study, the RNG k-ε model provided overall
slightly better agreement with experimental data than other tested
models.

The effect of the inlet turbulent kinetic energy on the indoor airflow
is negligible in this particular case. These conclusions are in line with
findings by Said et al. [61] and Joubert et al. [62], but appear to be in
contrast to the findings by Abdilghanie et al. [63], Cao and Meyers
[64], and van Hooff and Blocken [65]. These apparent discrepancies
can be explained by the fact that the latter three studied transitional
inlet flow instead of fully turbulent inlet flows.

Regarding the impact of discretization schemes, first-order dis-
cretization schemes together with power law scheme provide the least
satisfactory results, as was expected based on the knowledge from
previously published CFD guidelines (e.g. [11, 22, 33, 50, 51, 67–68]).

5.2. Limitations and future work

The main objective of this paper is to provide a systematic analysis
of the impact of six different computational and physical parameters on
the results obtained by CFD simulations for non-isothermal mixing
ventilation in a generic enclosure. The following suggestions for future
research are provided:

• The study is performed for a simplified representation of the room.
Future work will focus on more realistic room geometries with dif-
ferent opening configurations.

• The effect of computational and physical parameters on the pre-
diction of surface heat flux is not included in the present study, due
to a lack of experimental data. The correct prediction of surface heat
flux is crucial for accurate modeling of convective heat transfer and
ventilative cooling. Therefore, future work will also focus on the
validation of heat flux predictions by CFD.

• The experimental results are provided only for the vertical and
horizontal centerline and most of the points are located close to the
walls. A larger data set would be beneficial for validation purposes
and future work will therefore focus on obtaining more extensive
experimental data sets, which can be used for the validation of non-
isothermal CFD simulations.

• This sensitivity study provides valuable information on the impact
of computational and physical parameters on CFD simulation results
of non-isothermal mixing ventilation in a generic enclosure. The
knowledge from this study can generally be used for CFD simula-
tions of non-isothermal mixing ventilation. Note that the absolute
influence of these parameters on the results obtained will always
depend on the specific flow configuration and computational set-
tings employed, and can therefore only to a certain extent be fully
generalized.

• To fully generalize findings on the influence of computational and
physical parameters, especially with respect to other more realistic
geometries, additional detailed experiments and CFD sensitivity
studies for non-isothermal indoor airflows are required.

6. Conclusions

Although a couple of parametric studies on non-isothermal mixing
ventilation were published (e.g. Refs. [16,17,21]), to the best knowl-
edge of the authors, a comprehensive sensitivity study assessing the
influence of computational and physical parameters on the simulation
results for non-isothermal mixing ventilation has not yet been per-
formed. Therefore, this paper presents a solution verification and va-
lidation study combined with a detailed sensitivity analysis of the

impact of computational and physical parameters on the numerical
results obtained by CFD for non-isothermal mixing ventilation in a
generic enclosure. The 3D steady RANS simulations were validated
using experimental data from literature [42]. The impact of the fol-
lowing computational and physical parameters was investigated: com-
putational grid resolution, turbulence model, inlet velocity, inlet tur-
bulent kinetic energy, near-wall treatment and spatial discretization
schemes.

First, a reference case was simulated with an inlet velocity (Uin) of
0.57m/s, an inlet air temperature (Tin) of 15 °C and a heated floor of
Tfl=35.5 °C. The walls with inlet and outlet were kept at the same
temperature as air at the inlet, i.e. 15 °C. 3D steady RANS simulations
were performed with the RNG k-ε turbulence model and in combination
with LRNM. Second-order discretization schemes were used for both
the convective and the viscous terms of the governing equations as well
as for pressure interpolation. Overall, the results showed a very good
agreement with the experimental data. Subsequently, the impact of
different computational and physical parameters was assessed:

• The grid-sensitivity analysis showed a small impact of the grid re-
solution. The results obtained from three investigated grids (coarse
(= reference), medium and fine) were almost identical (< 2.6%
difference) for velocities and temperatures along both the vertical
(x/L=0.5) and horizontal centerline (y/L=0.5).

• The LR k-ε model showed the best performance for the prediction of
velocities (FAC1.25 > 0.73), while RSM provided an unsatisfactory
performance along the horizontal line (FAC1.25=0.45) and SST k-
ω and ST k-ω along the vertical line (FAC1.25=0.31 for both). The
temperatures were most accurately reproduced by the SST k-ω
model (FAC1.05=1, FB < 0.02), however, the rest of the models
also showed a very satisfactory agreement with the experimental
data for temperatures (e.g. FB < 0.04).

• The influence of the inlet velocity on the flow field was possibly very
large. Inlet velocities of Uin= 0.75Uref and Uin= 0.50Uref changed
the flow direction from clockwise to counter-clockwise due to the
low momentum level of the jet. Temperatures were generally well
predicted, except for the cases in which the flow direction changed
(0.50Uref; 0.75Uref).

• The variation of inlet turbulent kinetic energy showed negligible
impact on the accuracy of the results.

• LRNM showed the best agreement with experimental data;
FAC1.25 > 0.69 for velocities, and FAC1.05 > 0.89 and
FB < 0.03 for temperatures, while scalable wall functions did not
provide a good agreement in terms of velocities, which were up to
two times smaller than the measured data.

• The power-law discretization schemes provided results very similar
to those by the first-order schemes. Third-order MUSCL schemes
provided very similar results to those obtained with second-order
schemes along the horizontal centerline for both velocities and
temperatures. QUICK showed a slightly worse performance than
second-order and MUSCL schemes along the horizontal centerline
for velocities, as well as for temperatures, but provided almost
identical results to those obtained with second-order and MUSCL
schemes for the velocity along the vertical centerline. However,
both, MUSCL and QUICK schemes showed highly oscillatory beha-
vior and therefore the use of second-order schemes might be fa-
vored.
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