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Abstract: Accurate assessment of air-flow in ventilated spaces is of major importance for
achieving healthy and comfortable indoor environment conditions. The CFD (Computational Fluid
Dynamics) technique is nowadays one of the most used approaches in order to improve the indoor
air quality in ventilated environments. Nevertheless, CFD has still two main challenges: turbulence
modeling and experimental validation. As a result, the objective of this study is to evaluate the
performance of different turbulence models potentially appropriate for the prediction of indoor air-
flow. Accordingly, results obtained with 6 turbulence models (standard k-¢ model, RNG k-& model,
realizable k-¢ model, LRN SST k- model, transition SST k- model and low Reynolds Stress-w
model) are thoroughly validated based on detailed experimental data. The configuration taken into
account in this work corresponds to isothermal and anisothermal airflows produced by mixing
ventilation systems in small enclosures at low room air changes per hour. In general, the transition
SST k- model shows the better overall behavior in comparison with measurement values.
Consequently, the application of this turbulence model is appropriate for air flows in ventilated
spaces, being an interesting option to more sophisticated LES (Large Eddy Simulation) models as it
requires less computational resources.

Keywords: turbulence model, CFD, anisothermal jet, ventilation, building

1. Introduction

The basic goal of conditioning enclosed spaces is to supply comfortable and healthy indoor
conditions for human beings. This increasingly becomes a vital issue as people spend more time
indoors at home, in addition to time spent in shopping malls, theaters, restaurants, vehicles, and
other spare time facilities. In fact, recent studies in both Europe and the U.S. clearly show that
people spend over 90 percent of their time indoors [1].

On the other hand, it is obvious nowadays that good air quality inside the ventilated spaces
cannot be achieved without studies based on modern computational techniques. In line with this,
the CFD (Computational Fluid Dynamics) approach is more and more used for analyses
concerning: ventilation efficiency for different applications [2-6], indoor air quality for all kind
of buildings (e.g. residential [7], offices [8], hospitals [9], museums [10], sport large enclosures
[11] or ice skating rinks [12]) and thermal comfort in buildings [13], cars [14], trains [15] or
planes [16]. All this is now possible as a result of the remarkable increase in computer hardware
capacity in the last years [17].

Despite the fact that the CFD models became useful routinely tools in civil engineering for
predicting air movement in ventilated spaces [18], there still are two major challenges. The first
one is related to the proper choice of the turbulence model associated to the characteristics of the
indoor airflow (e.g. transitional airflow regime, turbulence anisotropy and presence of adverse



pressure gradients) [19]. The second major challenge in CFD is the validation of the numerical
results [17].

As a result, the objective of this study is to bring new elements concerning the assessment of
different turbulence models for airflows produced by mixing ventilation systems within small
enclosures at low room air changes per hour. It is worthwhile to mention that the choice of this
configuration is not random. In fact, this allows us to thoroughly study all the critical features
mentioned above for the CFD application of turbulent indoor airflows (confined low Reynolds
number airflow, with recirculation regions and boundary layer separation). In addition, the
judgment of CFD results is based on experimental data validation using a full-scale test room.
This responds to the second major challenge concerning the CFD modeling: the lack of
verification and validation, particularly in the case of complex airflows.

Consequently, we first present in a succinct manner the experimental set-up, followed by the
description of the turbulence models taken into account and their integration in the CFD
modeling. We conclude with comprehensive experimental — numerical comparisons in terms of
velocity and temperature fields within the ventilated enclosure.

2. Description of the experimental set-up

This work is entirely based on the experimental investigations fulfilled in [20] on indoor air
quality in ventilated rooms. It must be said that this study was preferred as it makes available
comprehensive experimental data:

- detailed descriptions of the boundary conditions (temperature and flow rate of the supply
air, surface temperature on the inside the walls) - required for the numerical model

- velocity and temperature air distributions inside of the room in a vertical plane normal to
the center line of the air terminal devices - required for the model validation.

In addition, the tests taken into consideration (see Table 1) correspond perfectly with our
objective: study of airflow for mixing ventilation systems within small enclosures at low room
air changes per hour. In order to methodically examine the pertinence of the turbulence models
taken into account, the tests selected cover all the situations: cold jet, hot jet and isothermal jet
(for different low air flow rates) — according to the mean air room temperature.

Table 1

Experimental configurations [20]

Test To(°C) ACH (h™) Ar, Reo
B2 (hot jet) 314 2.06 0.0032 13566
B4 (cold jet) 9.7 2.02 0.0042 13999
B5 (isothermal jet) 223 1.06 0.0005 7106

The physical model is a full-scale test room. The air supply terminal is represented by a
commercial diffuser (a grille having an aspect ratio of 12.5), which was placed after a plenum
(Fig. 1). Detailed descriptions of the test room and the diffuser are given in [20].

3. CFD model

In view of the fact that this study is focused on the turbulence modeling rather than the CFD
model itself, we present only the main characteristics of the numerical approach (see Table 2).
All the numerical investigations presented in this work are based on a general-purpose, finite-
volume, Navier-Stokes solver (Fluent 15.0.0).
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Fig. 1 - Test room and its mixing ventilation system
Table 2
Numerical model principal elements and hypothesis
Feature Description
Air Newtonian fluid; incompressible; constant viscosity
Flow Three-dimensional; steady; non-isothermal; turbulent
Computational domain Finite volumes; unstructured mesh (tetrahedral elements);
discretization optimum mesh size (grid independent solutions); 1300000-
1400000 cells

Turbulence model see section 4: Turbulent air flow modeling
Near wall treatment k-&¢ models: two-layer model with enhanced wall functions; k-

® models: no need for special treatment (low Reynolds
number corrections)

Numerical resolution Segregated implicit solver; diffusion terms: second order
central-difference scheme; convective terms: second order
upwind schemes; velocity-pressure coupling: SIMPLE
algorithm; convergence acceleration: algebraic multigrid
(gradient method, Green-Gauss cell based)

Air supply boundary conditions Velocity — fixed value across the diffuser (ratio of the
measured air flow rate to the diffuser free area); temperature —
uniform value (based on experimental data); turbulence
quantities — uniform specification, defining two parameters
(turbulence intensity and hydraulic diameter) for all the
turbulence models

Air exhaust boundary conditions Longitudinal exit velocity from mass balance; transverse
velocity components are set to zero; gradients normal to flow
direction of the other variables are also set to zero

Wall boundary conditions Velocity — no slip boundary conditions; temperature — fixed
values at wall internal surfaces (based on experimental values)

Concerning the construction of the mesh, the size of the smallest cell in the domain is 9.7 x 107
m’ (positioned obviously in the first “chain” of cells within the boundary layer), while the
biggest cell is 8.47 x 10 m’. Consequently, the ratio between the smallest and biggest cell in the
computational domain is 1.15 x 10~

In addition, we present in Table 3 the values of non-dimensional wall distance (y') for the
boundary layers of the test room walls. This allows us to estimate the grid suitability for near
wall treatment of the flow, in the case of k-¢ turbulence models used in conjunction with the
approach based on two-layer model. It should be said that the values in Table 3 are
representative for all k-¢ turbulence models taken into consideration and for all configurations
(hot jet, cold jet and isothermal jet).



Table 3
y+ values, B2 test (hot jet), realizable k-¢ turbulence model

Wall* y+ minimum value y+ maximum value y+ mean value
east 0.5 18.0 52
north 0.6 47.0 10.2
west 0.5 16.7 5.5
south 0.4 18.9 7.9
ceiling 0.3 54.8 9.1
floor 0.5 15.1 6.5

* The surface behind the air supply is considered to be the “south” wall of the test room
(the identification of the other walls for the test room is based on this assumption).

4. Turbulent airflow modeling

As stated previously, the airflow within ventilated spaces is extremely complex. This imposes
important challenges on turbulence modeling when one wants to use the CFD approach for
predicting the convection indoor airflows. In fact, it is hard to have only one turbulence model
able to manage all the characteristics of the airflow in ventilated enclosures in an optimal and
efficient manner [18]. Consequently, the choice of a turbulence model for the precise calculation
of the airflow in ventilated spaces is all the time a compromise between accuracy, hardware
resources and computational time. On the other hand, the selection of the right turbulence model
depends also on the objective of the analysis. For instance, it is known that for the design and
improvement of the airflow in ventilated enclosures the mean air parameters are more useful
than the turbulent characteristics of the airflow. Taking all these factors into account, the CFD
prediction of the turbulent airflows that occur in enclosed environments can be theoretically
performed through three main methods: direct numerical simulation (DNS), large-eddy
simulation (LES) and Reynolds-averaged Navier-Stokes (RANS) — divided into two principal
types, eddy-viscosity models and Reynolds-stress models [21]. It is worthwhile to note that all
these approaches were / are / will be intensely used to predict the air distribution in ventilated
enclosures. Nevertheless, the DNS application for complex indoor airflows is impossible now
because it demands an extremely fine grid resolution, which leads to unreasonable calculations
for the existing computers, in spite of recent advances in the field [22]. The LES approach has
been increasingly applied to study airflows in enclosed environments in the last decade.
However, the storage and execution time of the LES models are very expensive for real scale 3D
indoor flows and their accuracy may not always be the highest [23].

Consequently, in order to accomplish the objective of our study, we performed numerical
investigations taking into account several turbulence models based on the RANS approach.
These models are detailed below, their integration within the CFD model being performed
according to the data from Table 2. For all turbulence models taken into account in this study,
the default model constants are used, which are not mentioned here for the sake of brevity.

4.1. RANS Eddy-Viscosity Models

4.1.1. k-¢ two-equation model

This turbulence model was the most used and probably the most popular between 1980s and
2000s. The standard k-¢ model [24] is based on transport equations for the turbulence kinetic
energy (Eq. 1) and its dissipation rate (Eq. 2).
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The turbulent viscosity is calculated by using the turbulence kinetic energy and its dissipation
rate as follows:

2

He =Py (3)
where C, is a constant (0.09).

The standard k- model is based on the assumption that the flow is fully turbulent [18], therefore
this turbulence model was developed for high Reynolds number flows [22]. As a result, despite
its success for numerous engineering applications, the use of standard k-¢ model for low
Reynolds airflows in enclosed environments leads to unsatisfactory results [25].

4.1.2. RNG k-¢ two-equation model

This turbulence model is based on the renormalization group theory [26]. This results in different
constants from those in the standard k-¢ model. Moreover, there are additional terms and
functions in the transport equations for the turbulence kinetic energy (Eq. 4) and its dissipation
rate (Eq. 5).
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The turbulent viscosity is computed in this case using a differential equation:

p2k\ _ D ~
d (%) = 72 e d (6)
where: D = =
u

Eq. (6) allows the model to improve the prediction of the low Reynolds number and the near-
wall flows as the turbulent viscosity varies effectively with the flow eddy scale, depending on
the flow characteristics. It is worthwhile to mention that Eq. (6) becomes analogous to Eq. (3),
with C, = 0.0845 (very close to the value of 0.09 used in the standard k-&¢ model) for high
Reynolds number flows.

The RNG k-¢ model has been extensively used for indoor airflows for different configurations
[22]. The results agreed generally rather well with the experimental data but there are also
several reports about weak performance [19].

4.1.3. Realizable k-¢ two-equation model

According to numerous studies [27,28], the implementation of the realizable k-&¢ model [29] in
comparison with the standard k-¢ model for flows including boundary layers under strong
adverse pressure gradients, separation or recirculation provided superior results. This is supposed
to be caused by a new formulation concerning the eddy viscosity and a new model dissipation
rate equation, too. In fact, the eddy viscosity is computed using the same equation as in other k-¢
models (see Eq. 3) but the major difference is that the coefficient C, is no longer constant. Its
value is a function of the mean strain and rotation rates, as well as of the turbulence parameters,
the turbulence kinetic energy and its dissipation rate. The complete formulation is given in [29].
The modeled transport equation for the dissipation rate of the turbulent kinetic energy is based
on the mean square vorticity fluctuation dynamic equation [29]:
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The second term on the right hand side of Eq. (7) does not involve anymore the turbulence
kinetic energy production as the other k-¢ models. This can lead to more appropriate turbulence
length scale descriptions. On the other hand, the transport equation for the turbulence kinetic
energy is exactly the same compared to the classical k-¢ model (see Eq. 1).

4.1.4. LRN SST k- two-equation model

The k-o models are based on transport equations for the turbulence kinetic energy (Eq. 8) and
the turbulence frequency, or specific dissipation rate (Eq. 9).
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As a result, the turbulent viscosity is computed from these scalars (Eq. 10).

. Pk
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where the coefficient a* introduces low Reynolds number (LRN) corrections.

The shear-stress transport (SST) k-o model [30] is based on similar forms for the Egs. (9) and
(10). Nevertheless, this model introduces a damped cross-diffusion derivative term in the
specific dissipation rate equation. In addition, there is a modified turbulent viscosity formulation
to take into account the transport effects of the turbulent shear stress. These features make the
SST k-o model more appropriate for adverse pressure gradient flows than the standard k-o
model. Consequently, the LRN SST k-o model has a good potential for predicting indoor
environment flows [21].

4.1.5. Transition SST k- four-equation model

This recently developed turbulence model is based on the coupling of the SST k- model
transport equations with two other transport equations [31]: one for the intermittency (Eq. 11)
and one for the transition momentum thickness Reynolds number (Eq. 12).

a(py)  9(pUyy) d e\ Oy
ot + ax]- = Pyl - Eyl + Py2 - EyZ + a—xj U + 0_—y a—x] (11)
d(pRéy;) A 0(pUjRéq:) 0 ORéq,
ot + ax,- = Pt + ax,- oge (1 + 1e) axj (12)

Unfortunately, no study has been found in the literature on the use of this new turbulence model
in indoor environments. As a result, this work makes available extremely valuable data on the
application of the transition SST k- model for ventilated spaces.

4.2. RANS Reynolds-stress models

The Reynolds-stress models (RSM) are generally based on 7 equations: six transport equations
for the Reynolds stresses and one transport equation for a turbulent quantity (the dissipation rate
of turbulence energy or the turbulence frequency). Consequently, the RSM models allow the
“natural” development and transport of individual Reynolds stresses, which allow taking into
account the anisotropy of turbulent flows. These anisotropic effects play an important role in



flows with significant buoyancy, streamline curvature, swirl or strong circulation [21]. The
correct prediction of these effects leads normally to more accurate results for complex indoor
airflows compared with two-equation turbulence models [18].

4.2.1. Low Reynolds Stress-w model

The RSM model selected in this study to solve transport equations for the individual Reynolds
stresses 1s the low-Reynolds Stress-ow by Wilcox [32]. This model is based on the transport
equation for the specific dissipation rate (Eq. 9) and the Launder-Reece-Rodi (LRR) stress-
transport model. The model closure coefficients are identical to the k- model. However, the
low-Reynolds Stress-o model requires additional closure coefficients. The comprehensive
physical-mathematical formulation of the model can be found in [32]. It is worthwhile to
mention that this model was used with good results for the prediction of room air movement
induced by a wall jet [19].

5. Results

The comparisons between numerical results and experimental values are exposed in terms of air
mean velocity and temperature profiles in a median vertical plane for three sections located at
different distances from the coordinate system presented in the Fig. 1. The exact position of these
rakes is shown in Fig. 2.

It is worthwhile to mention that we focus our validation on air mean velocity and air temperature
as these parameters represent the main issues to assess the efficiency of ventilation systems -
deeply related to indoor air quality and thermal comfort in ventilated spaces.

We first present in Fig. 3 the data for the isothermal situation (velocity profiles). We notice that
the jet region (including its spread) is correctly predicted by the k-¢ realizable model in the first
section (at x = 1 m) while there are 3 turbulence models (k-¢ realizable model, transition SST k-
o and low Reynolds stress-o model) with good performance at x = 1.8 m and x =2.7 m.
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Fig. 2 — Results sections

Concerning the comparisons between predicted and measured values for the hot jet, the velocity
profiles and temperatures profiles are shown in Figs. 4 and 5, respectively. In the closest section
from the air supply (x = 1 m), the low Reynolds stress-o model has slightly the best velocity
predictions. Nevertheless, as a general remark, the k-0 models (low Reynolds number shear-
stress transport — LRN SST and transition SST) show the best agreement with measurements
both for velocity and temperature.
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For the more complex airflow, which occurs in the case of a cold jet supplied in the room (Figs.
6 and 7), there is now a turbulence model capable to predict the overall flow pattern in the
enclosure. However, there are 3 models that lead to results in better agreement with experimental



data: transition SST k-o, low Reynolds stress-o and k-¢ realizable (the last one only in the
section at x = 2.7 m).
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6. Conclusions

Despite the expectations, none of the turbulence models taken into consideration provide entirely
superior results for the mean velocity and temperature fields in the ventilated test room. We
include here as well the Reynolds-stress model although the results obtained with this model
show in general fair agreement with experimental data. Nevertheless, the prediction of the
airflow for all the 3 configurations taken into account based on the Reynolds-stress turbulence
model deviates sometimes a lot from the measurements. The same comment is found in [19].

On the other hand, from the results it is noted that the k- models (especially the transition SST
model) have the best average overall performance in comparison with the measurements, no
matter the configuration (isothermal jet, hot jet or cold jet). This indicates that the k-® models
present a good potential to model indoor airflow in ventilated spaces even if the studied
configuration is highly complex due to the presence of transitional flow, adverse pressure
gradient, and a wall jet that is basically anisotropic. The results of this study show that the
transition SST k-o model clearly improves the predictions concerning the temperature
distributions, based usually on k-¢ models. This theory is confirmed also by [21, 33].

In conclusion, the new transition SST k-o four-equation model should be methodically applied
for indoor environments with complex airflows in future work in order to better validate its
performance. This turbulence model can represent an interesting alternative to LES turbulence
models for indoor airflow as it demands less computational resources.

Nomenclature

ACH air changes per hour, h™!

Ary Archimedes number (based on inlet dimensions)
C1, G, Cie, Caoy o k- models coefficients

C,,C,

E,,Ep transition SST k-m source terms

Gy, Gy, G, k-¢ and k- source terms

k turbulent kinetic energy, m%/s*

P,1, Py, Py transition SST k- source terms

Rey Reynolds number (based on inlet dimensions)
Reg, transition momentum thickness Reynolds number
R. RNG k-¢ model source term for RNG theory

S, Sk, Se, S k-¢ and k-® models user source terms

t time, s

To inlet air temperature (°C)

U air velocity components, m/s

Xij coordinates

Y, Yum, Yo k-g and k- models source terms

Greek symbols

OK, O¢, Oy, Opt

(O]

o* LRN SST k- model LRN corrections coefficient

Ok, O RNG k-¢ model — inverse effective Prandtl numbers for k and ¢
€ dissipation of turbulent kinetic energy, m*/s’

Tk, Ty LRN SST k-® model — effective diffusivity for k and

Y intermittency

u laminar (molecular) viscosity

et effective viscosity

L turbulent (eddy) viscosity

v cinematic viscosity

p density, kg/m’

k-¢ model and transition SST k- model coefficients

turbulence frequency (specific turbulence dissipation rate), s™
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