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ABSTRACT
Lightwell or deep courtyard is commonly used in high-rise buildings and usually implemented to admit
daylight and to derive natural ventilation. Since attention is being given to energy saving, use of natural
ventilation has become one of the most fundamental strategies. This paper aims to evaluate various
numerical turbulence models used to predict natural ventilation in a lightwell connected to the outdoor
through a bottom horizontal void as inlet gap and a top skylight outlet. A 3-D steady state modeling was
carried out using Computational Fluid Dynamics (CFD) to simulate the airflow inside the lightwell. Six
different Reynolds-Averaged Navier–Stokes (RANS) turbulence models were validated with experimental
data from literature in order to identify the most appropriate turbulence model for this type of airflow.
Results showed that all RANS models have the capability to simulate convective natural ventilation in the
lightwell. However, Re-normalized Group (RNG) k-ε model gave the best overall simulation performance
in terms of the ability to capture the airflow pattern, predict the air temperature and airflow rate inside the
lightwell. The results also demonstrate that CFD modeling utilizing the RANS-based models, when
appropriately selected for the most suitable model, is a reliable tool for predicting airflow pattern, airflow
rate and temperature inside the lightwell.
KEY WORDS: CFD, validation, high-rise building, lightwell, horizontal void, turbulence models.
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von Karman constant (= 0.4187)
temperature fluctuation (oC)
dissipation of k (m2/s3 )
coefficient of thermal expansion (K-1)
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turbulent viscosity damping factor
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magnitude of rotation tensor

1. INTRODUCTION
Natural ventilation is one of the most fundamental strategies in building [1, 2] which contributes to
reduction of the energy consumption required for mechanical equipment such as fans and air-conditioners.
Recently, passive design strategies received more attention in the first stage of building design in order to
optimize its performance in terms of inducing natural ventilation inside and around the buildings.
Lightwell is a vertical shaft commonly used in high-rise residential buildings [3], especially in deeper-plan
buildings, to admit daylight and to induce natural ventilation. The lightwell space connects directly to the
outdoor from the top. However in most buildings the lightwell is underutilized as a possible means of
improving the air flow within the buildings. It has been noted that proper configuration of lightwell and the
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outlet will not only improve the airflow inside the lightwell itself[4], adjoining rooms[5]and thus cool
down the building structure [6] but will also change the wind environment around the high-rise building
[7]. In addition, studies showed that the courtyard, lightwell and atrium as buffer zones provide natural
ventilation for adjoining spaces (e.g. [4, 8-13]).
Natural ventilation can be generated in and around buildings by two strategies; wind force and thermal
buoyancy or by the combination of them, which are called natural convection[14, 15].Liu, Ford [16]studied
natural ventilation in three floor-high atrium based on only buoyancy-induced airflow and they concluded
that this strategy alone is not enough to support natural ventilation, particularly in hot and humid climate due
to small temperature difference. The study suggested that the ventilation would be more effective in higher
atrium as higher temperature differences, especially when it is supported by wind-induced strategy.
According to Etheridge [17], most of the previous studies on natural ventilation in last years have gave more
focus on buoyancy-induced airflow which usually is not enough to improve internal natural ventilation
especially in those regions with low air temperature differences. There is therefore the need to study both
natural ventilation strategies (wind and buoyancy forces induced). This is especially in regions with low wind
velocity and low temperature differences such as the tropical countries in Southeast Asia[15, 18].
Chen (2009) identified seven different methods for predicting airflow characteristics in the built
environment. These methods are based on theoretical analysis (e.g.[19, 20]), experimental measurement
(e.g.[21-23]) and computational simulation (e.g. [12, 24-28]). Although small-scale and full-scale
experimental models are the most reliable methods, CFD has been the most commonly used method in the
last decade [29]. Selecting the appropriate CFD approach and a turbulence model are the most critical
factors in fluid flow studies [30, 31]. Therefore, before a CFD model is used to examine a flow situation, it
is necessary that the model be validated by experimental or theoretical models to ascertain the integrity
[29, 32-34]. Previous studies have recommended validation of CFD model results with measured data
obtained by experimental approaches [17, 29, 33]. Experimental validation by full-scale models requires
more man-efforts and high cost in addition to the difficulty of controlling the boundary conditions of
outdoor environment [17, 35-37]. As a result, many studies opt to use small-scale experimental
measurement in order to validate results from CFD simulation (e.g. [34, 37-40]). However, small-scale
model test using the wind tunnel presents some difficulty in the ability to simulate the real wind profile and
turbulence level as well as heat generation inside and around the model. Some small-scale experimental
studies were based only on wind force, with the thermal aspect neglected [17]as its difficult to effect heat
generation in the wind tunnel and control it in a specific zone within the model [41]. Many previous smallscale experimental studies are available as benchmark experiments [42]. These experiments have been
done to test different models and there dimensional characteristics. The experimental data obtained from
some of the studies have also been used to validate CFD codes(e.g. [43, 44]).Although turbulence is still
one of the unsolved problems of fluid mechanics [45], CFD enables appropriate technique to model and
solve turbulent natural convection for many flow configurations.
Many studies evaluated with RANS models have used different shapes and types of enclosures (e.g.
[12, 14, 26, 37]). Most of the studies have been conducted in small enclosures such as room, with a few in
large enclosures such as atriums and lightwells. The flow in these larger spaces is quite complicated and it
has not been adequately studied [46]. In the study of these large enclosures, however, particular attention
has not been focused on the most appropriate turbulence model for predicting natural convection in the
lightwell connected to the outdoor through a horizontal void. Therefore, the current study compares the
performance of various turbulence models in predicting the natural convection flow characteristics in a
lightwell connected to the outdoor through a bottom horizontal void.
2. METHODOLOGY
2.1 Experimental settings
The main features and processes involved in the wind tunnel experiment performed by Kotani et al.
[47]are presented in this section. Using a small-scale model of a high-rise building with lightwell connected
with bottom void, Kotani et al. [47] performed wind tunnel experiment to predict the air temperature and
airflow rate as well as airflow pattern in the lightwell. They have used two parameters in the study; air
velocity and heat generation. The main objective of their work was to estimate the validity of modifying
simple calculation for predicting the airflow and air temperature in the lightwell. The high-rise building is
about a forty-storey building with square plan and has dimensions 36 x 36 x 120 m3 (width x depth x height).
The lightwell in the core of the building passes vertically through all the floors without any openings except
the bottom lateral horizontal void (one side open in windward direction) and the top vertical outlet. The
building model for the wind tunnel experiment was scaled to 1:250. The outline of the model therefore has
dimensions 144 x 144 x 480 mm3. The volume of the lightwell and the area of the horizontal void are
dimensioned 72 x 72 x 468 mm3 and 72 x 12 mm2 (width x height) respectively (Fig. 1).
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The wind profile was experimentally generated and it was expressed by power law of one-fourth.
Large-scale turbulence was generated by lattice and roughness elements in the wind tunnel floor, which
corresponded to wind above towns. For this purpose, a long wind tunnel, about 7.756 m in length, which
has a test section of dimensions 1.4 x 1.6 (H) m2 was used. The experimental conditions were specified in
terms of rate of heat generation in the lightwell ranging from 10 – 40 W, and wind velocity in the wind
tunnel which ranged from 0 – 1.5 m/s. The wind direction in all cases was perpendicular to the windward
façade where the horizontal void was located. They used laser light sheet and tobacco smoke to visualize
the airflow pattern and photo acoustic infrared detection method to measure the airflow rate in the
lightwell. To measure air temperature, five thermocouples were set vertically in the lightwell. For more
detailed information about the experimental settings, refer to Kotani et al. [47]. Some of the experimental
results will be presented together with numerical results later for comparison.
2.2 Numerical simulation
A commercial CFD code ANSYS® Fluent14.0 was used to perform the simulation of airflow and
temperature in the lightwell. Steady-state airflow and heat transfer through a three-dimensional model was
carried out. No-slip boundary condition was set on the walls. Heat generation and reference air velocity
used in the numerical study were 40 W and 1.5 m/s, respectively, as highest values of the experimental
study range.
The numerical study contains two main steps; sensitivity analysis and turbulence models comparisons
and examining the effect of mesh size on the results of each turbulence model. In sensitivity analysis
different parameters were examined. The RNG k-ε was initially used in all simulation sensitivity analyses
as most commonly used in literature. After the RNGk-ε simulation has yielded results comparable with
experimental data then the other five turbulence models were examined and their results also compared
with the experimental data.
2.2.1 Flow domain and geometry
Similar dimensions of the building model and the wind tunnel as used in the experimental study have
been used in the CFD validation, except the windward and leeward distances (i.e. the distance between the
domain inlet and the windward building surface). Therefore, the test section dimensions of the wind tunnel
(1.4x1.6h m2) have been fixed as shown in Fig. 1. Thus, the windward and leeward distances in the
computational domain were set as recommended in the literature. Based on previous studies(e.g. [13, 26,
48]) the windward and the leeward distances of the model were 5h and 10h respectively, where h is the
height of the building. Franke, Hellsten [48]have also recommended 15h for the leeward distance in order
to ensure the flow has become fully redeveloped behind the building. However, 10has a maximum distance
was set behind the building because of the large domain size and thus the extra computational time
required for modeling a high-rise building. In addition, recommended dimensions in all directions were
also examined by changing the cross section of the flow domain. Nevertheless, a trial and error verification
process has been recommended [49]. For this purpose, four different sizes of domain were examined and
the results compared with experimental data. Three of these domains were examined with fixed cross
section of the wind tunnel and one is the largest as recommended. Fig. 1 shows the three sizes with fixed
cross section and distances of the velocity inflow and the outflow from the building surfaces in the
windward and leeward, respectively. The distances of these three sizes were set in the windward and
leeward directions, respectively as followed: a) the small-sized domain, 1 h and 2 h; b) the medium-sized
domain, 2 h and 4 h; and c) large-sized domain, 5 h and 10 h. In the large recommended domain the
boundary was set 5 h from both sides and roof surfaces of the building to the domain boundaries and
windward and leeward distances were also set at 5 h and 10 h, respectively.
Airflow rate and temperature results in the lightwell for each of the four domain sizes were compared
with experimental data. Fig. 2 shows that the medium-sized domain produced results that are most close to
experimental data. Although, the largest domain (with different cross section) obtained temperature most
close to experimental data it has large discrepancy of airflow rate if compared with the other sizes. It
should be noted here that each of the domain size was discretized with the same mesh size and growth rate
of the cells, resulting in different number of meshes which depend on the size of the domain as shown in
Fig. 1. Therefore, the medium-sized domain was selected to compare the six turbulence models in order to
save computation time while at the same time producing good results.
2.2.2 Grid discretization
The computational domain was discretized using an unstructured grid with high resolution in the
lightwell and the horizontal void, where high-gradient flow zone exists. A growth rate of 1.1% in all
directions from these zones was implemented for the meshes. The spatial domain was divided into
tetrahedral elements. Nevertheless, grid sensitivity test was carried out with different numbers of cells. Fig.
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3 shows some of the different types of meshes used, ranging from coarser to finer grids, with the enlarged
view of the meshes at the bottom of the lightwell and the horizontal void. The mesh types are made up of
18x104 (180k), 45x104 (450k), 63x104 (630k) and 1.2x106 (1.2 mil) cells. The results for calculations
employing these mesh types were compared with experimental data. Fig. 4 shows that the grid with 450k
meshes is the most appropriate one as its results of air temperature and airflow rates in the lightwell were
the closest to experimental data. The upwind scheme of second-order accuracy and SIMPLE solution
algorithm were used for the convection terms while the least square cell-based gradient for spatial
discretization was used for the diffusion terms of the governing equations.
2.2.3 Boundary conditions
To generate a wind profile that corresponds to experimental data, User Definition Function (UDF)
available in Fluent was used to set the one-fourth power law for a reference velocity of 1.5m/s. Turbulence
was specified using “Intensity and Hydraulic Diameter” for all the turbulence models. The value of the
turbulence intensity was fixed at 10% as an approximation to experimental data, while the hydraulic
diameter was calculated as 1. However, simulation was examined with a turbulence intensity of 15% but
there was no significant difference in the set of results obtained from calculations employing the lower
value. In addition to these solver settings the intermittency was fixed at 1 for the SST model as the study
considered a fully turbulent flow, while for the RSM “k or Turbulence Intensity” was specified as the
Reynolds-Stress Specification Method.
In the experimental study, heat was generated by two coiled wire fixed symmetrically along the
vertical axis in the lightwell. Numerically, it is difficult to simulate the heat released from the coiled wire.
Therefore, two different methods provided in Fluent have been used to effect heat generation in the
lightwell that corresponds to those provided in the experiment. These are by prescribing surface heat flux
at the inside surfaces of the lightwell, and by specifying volumetric rate of heat generation of the lightwell
volume. The results obtained by the two methods were compared with the experimental data and it was
found that using heat generation through the lightwell volume is more appropriate for testing the six
turbulence models. The prescribed ambient air temperature of 12o C for the simulation corresponds with
that used for the wind tunnel experiment.
2.2.4 Turbulence modeling:
Since the flow in the experiment is turbulent (Re > 4000), the RANS-based models were employed to
model of the mean airflow in the lightwell. By RANS approach, for a 3-D steady-state flow, the timeaverage continuity (mass conservation), Navier-Stokes (momentum conservation) and energy (energy
conservation) equations can be written, respectively, as:
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where τ ij    u i u j is turbulent stress tensor, q j    u j t is turbulent heat flux, and St is the
source term for energy .The turbulent stress tensor produced seven additional unknown variables, which
means the system of mean flow equations (1-3) are not closed [50]. To be able to solve all the unknowns,
additional equations must be introduced into the system of governing equations. Closing the system of
equations, on the other hand, leads to the introduction of a number of unknown correlations which must be
approximated (modeled) for in terms of the mean flow.
The RANS equations adopt two broad approaches in addressing the closure problem. These are a)
direct modeling of each of the turbulent stresses as used in Reynolds Stress Model (RSM), and b) eddy
viscosity model, which is based on the Boussinesq hypothesis [50-54], used in developing the other
RANS-based models. The RSM has better applications in predicting flow conditions in 3D flows involving
large streamline curvature and swirl compared to eddy viscosity models, but it is also more
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computationally expensive. The eddy viscosity models are capable of predicting conditions in a range of
turbulent shear flows including mixing layers, channel flows, and boundary layers which are the case for
the current study. The system of RANS equations and the modeled equations are not easily amenable to
analytical solution without over-simplifications which leads to large errors in results. They are therefore
most commonly solved by the CFD procedure, adopting an appropriate turbulence model.
The current study employed six of the RANS-based turbulence models to examine their performance
for predicting temperature, airflow rate, and airflow pattern in the lightwell connected to a bottom void.
These are the one-equation Spallart-Almaras (SA) model, the two-equation Standard k-ε (STD k-ε), RNG
k-ε, and SST k-ω, the four-equation SST, and the seven-equation RSM (Linear Pressure-Strain). These
models have been selected as they are the commonly used in literature. The general form of all the
turbulence models used in this study can be written as





 
 
(4)
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t
x j x j  x j 
where  is the general variable, Γ  the effective coefficient and S  the source term of the equation.

The mathematical equations for each of the turbulence models are as shown in the appendix. In the
appendix only the definitions of the main parameters in each of the model equations have been given. In
the RNG k-ε model  eff   t , for high Re flow without swirl, and  k and   are the inverse effective

 , respectively. In SST k-ω equation,    1 and       0 .09 for high Re
incompressible flow.  k and   are the turbulent Pr for k and  , respectively. Re  c and F length in
~ , where
the SST equation are functions of transition momentum thickness Reynolds number, R e
Pr for k and

t

R e~ t is itself a function of local turbulence intensity.
2.2.5 Near-wall treatments
In order to sufficiently resolve the profiles of turbulent boundary layers near solid region, the near-wall
treatment which employs special treatment for the meshes near this region [52]was employed. The use of
wall functions is adequate in most cases in describing profiles near solid boundaries [54]. Standard wall
functions use dimensionless parameter y+ as wall distance vector. In smooth walls the first grid cell
should be within the validity 30 < y+ < 300 (ANSYS® 2011) or 30<y+<500 [53].
2.2.6 Convergence criteria
Convergence was achieved when a sufficient error tolerance initially prescribed following was
reached. Previous studies [48, 49] recommended that convergence of the scaled residuals down to 10-5 is
acceptable. However, for validation studies the use of much lower residuals to reach the converged
solution has been recommended [48]. In the current study two convergence criteria with residuals 10-5 and
10-8 respectively were used and the results compared. It was found that there is no significant differences in
the results of air temperature and airflow rate when both convergence criteria were used. In order to reduce
the computational time the residual of 10-5 has been used to examine the turbulence models.
3. RESULTS AND DISCUSSION
3.1 Airflow pattern
In the experimental model, the acceleration of the flow through the horizontal void followed by the
sudden expansion of the air as it exits into the lightwell causes the flow to enter the well with high inertia.
This results in flow separation at point A (Fig. 6). The flow is then reflected by the wall and reattaches
again to the wall at point B. Due to the separation, a zone of recirculation flow is formed between the main
flow and the wall as shown in the experimental model (Fig. 6). In this zone, there occurs acceleration of
the main flow inside the well, as a result of the reduction in the flow area. The acceleration increases as
well as the heat transfer rate due to the shear layer created between the recirculation zone and the main
flow. However, there is increased pressure loss inside the lightwell because of the high curvature and
turbulence of the flow in this region.
Fig. 6 compares the results of the various RANS models used in this study with the experimental results
of Kotani et al. [47]. As shown from this figure all RANS models were able to capture the airflow pattern
comparably well with the experimental study except SST k-ω and RSM, especially at the bottom of the
lightwell where they failed to predict recirculation as obtained from the experiment. The STD k-ε and RNG
k-ε model have the best agreement with the experimental results in terms of flow pattern. It would be noted
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that the shape and size of the recirculation zone are equivalent for both the k-ε models and the experiment.
However, SA and SST were able to produce the same shape of the recirculation zone but not the size as in the
experiment. Although RSM model generated totally different recirculation flows at the bottom, it indicated
the ability to capture small recirculation above the building. Nevertheless, none of the models was able to
predict the reverse flow in the outlet at the top of the lightwell as observed in the experiment.
3.2 Air temperature results
The diagrams in Fig. 6 show that the RANS models were also able to predict the vertical air
temperature distribution in the lightwell, especially at the middle zone along the vertical height of the
lightwell, except the SST k-ω model which had larger discrepancy at this zone. However, most of the
discrepancies observed for all models were at the bottom and top of the lightwell, in the regions of flow
separation and reattachment. This has also been reported in many previous studies which found that RANS
models are unable to accurately predict flows in these regions.
The RSM model produced results that are in best agreement with experimental results at almost all
measured points, followed by the RNG k-ε and SST models. Although the RNG k-ε model was able to
predict temperatures in the lower three-quarters of the height of the lightwell, it could not well capture the
temperature values at the top where there exists small reverse flow. The other models: the STD k-ε, SA and
SST k-ω, in this order, followed the SST in their performance ability to predict the air temperature.
3.3 Airflow rate results
Figure 6 also shows the predicted results of the airflow rates in the lightwell using the different
RANS-based turbulence models. The results ranged from 2.70 m3/h for STD k-ε to 3.34 m3/h for SA, while
the measured result was 3.28 m3/h. This gives a maximum discrepancy of about 17.7% with the
experimental data as appeared in the STD k-ε. However, the SST k-ω model shows a discrepancy that is
less than 1%, while the SST and SA models gave a discrepancy that is below 2%. The discrepancy
indicated for the RNG k-ε model is less than 4%. According to previous studies, the range of discrepancy
in all the RANS models examined in this study was within acceptable limits except STD k-ε.
Some of the turbulence models tend to overestimate the airflow rate, such as the SST, SST k-ω, and
SA, while the STD k-ε, RSM and RNG k-ε models tend to underestimate the airflow measured in the
lightwell. The calculation model used by Kotani et al. [47] also overestimated the airflow rate, and this
they explained was due to some errors which occurred as a result of heat generation in the experiment.
They found that the calculated results overestimated measurement by about 38% in the case when the
reference air velocity was 1.5 m/s and heat generation was about 40 W. Nevertheless, CFD simulations by
the RANS models, under the same conditions, produced discrepancies with the experimental data that were
not as high as those of calculations due to Kotani et al. [47].
4. Conclusion:
Systematic validation of some RANS-based turbulence models has been performed using CFD. The
numerical results show that the six RANS models have the ability to predict convective natural ventilation
in the lightwell space. The models are relatively successful in capturing the separation and reattached flow
close to the horizontal void in the lightwell.
The accuracy of air temperature calculated in the region of fluctuating flow significantly depends on
the turbulence model selected with the appropriate number of mesh. The RNG k-ε model has good
capability, in terms of overall simulation performance, in capturing airflow pattern, and predicting airflow
rate and temperature distribution in the lightwell compared to other RANS models and this result agree
with many previous studies. Nevertheless, the RSM also followed RNG k-ε in terms of airflow rate and
temperature prediction. Overall, CFD model is a valuable tool for qualitatively and quantitatively
predicting natural convection flow in a lightwell connected to a bottom horizontal void. However, further
study is recommended to investigate the effect of other configurations on airflow characteristics inside the
lightwell such as different horizontal void positions and lightwell segmentation and its size. Since the
validity of the results of this study has been based on the agreement of the results with small-scale
measurements, full-scale measurements are also needed to capture the actual effects of flow through the
lightwell in high-rise buildings.
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Appendix: Model equation parameters for the various turbulence models
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flow

Fig.1 Perspective view of the different sizes of computational domain used in the numerical study and the
building model used by Kotani et al. [47].

H (m)

0.45
0.4
0.35

Small 400k
(Q=3.31)

0.3
0.25

Exp.
(Q=3.28)

0.2

Mid 450k
(Q=3.15)

0.15

Larg 650k
(Q=3.20)

0.1
LargeR 2.5mi
(Q=3.09)

0.05

T (oC)

0
10

15

20

25

30

Fig.2 Temperature distribution (T) and airflow rate (Q) along the height (H) of the lightwell in four different
simulation domain sizes; small, medium (Mid), large and largest as recommended (LargeR) , compared with
experimental data (Exp.) for different number of meshes ranging from 40x104(400k) to 2.5 x106 (2.5mi)
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Fig. 3 Mesh grid-independence test using symmetry configuration of the building model and domain with
enlarged views of the different mesh structures at the bottom zone of the lightwell
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Fig.4 Air temperature distribution (T) and airflow rate (Q) along the height (H) of the lightwell for four types of
meshes, ranging from coarse 18x104 (180k) to fine 1.2 x 106(1.2 mil) compared with experimental data (Exp.)
using RNG k-ε model

228

0.45
0.4

H (m)

Farea et al., 2014

0.35
450k
(Q=3.15)

0.3

450k Enh(Q=3.21)

0.25
0.2

Exp.
(Q=3.28)

0.15

1.2mil
(Q=3.24)

0.1

1.2miEnh(Q=3.43)

0.05
T (oC)

0

10
15
20
25
30
Fig.5 Temperature distribution (T) and airflow rate (Q) along the height (H) of the lightwell for near-wall
treatment adopting the standard wall function and the enhanced wall (Enh) treatment for different mesh sizes
(coarse (450k) and fine (1.2 million)), using the RNG k-ε model
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Fig. 6 Numerical results of airflow pattern, airflow rate and air temperature distribution in the lightwell for various turbulence

models compared with experimental data.
measured

230

