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Abstract 
Windexchangers are relatively small structures located on the building rooftop to promote natural 
ventilation. This paper presents a Computational Fluid Dynamics (CFD) validation study, sensitivity 
analysis and performance comparison of three windexchanger (WE) configurations applied to a 
generic isolated building with a windward window. The study is limited to wind-driven (isothermal) 
ventilation, for wind perpendicular to the windward facade. The CFD simulations are based on the 
3D-steady Reynolds-Averaged Navier–Stokes (RANS) equations. The validation study is performed 
with experimental results from a previously published water channel test. The sensitivity analysis 
focuses on the domain size, grid resolution and turbulence model. The performance evaluation of 
the three WE configurations is based on the mean velocity and mean static pressure coefficients 
in the vertical centerplane, the ventilation volume flow rate and the volume percentage of the 
living zone with air speed ratio equal to or above 0.10. The WE configuration with four openings and 
one duct shows the highest ventilation flow rate (0.232 m3/s) and the highest volume percentage 
(21%). This study shows that the assessment and selection of WE configurations should not only 
be based on volume flow rate or ACH but should consider the living zone air speed ratio as well, 
specifically concerning the flow distribution in the living zone. 
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1 Introduction 

A windexchanger (WE) is a relatively small structure located 
on the building rooftop to promote natural ventilation 
(Cruz-Salas et al. 2014). This structure is more commonly 
referred into the literature as windcatcher, but the term 
windexchanger accounts for the fact that this structure can 
act either as an injector or as an extractor of air depending 
on the orientation when the building has another opening in 
one of the facades (Su et al. 2008; Liu et al. 2011; Cruz-Salas 
et al. 2014; Castillo et al. 2017) or can act simultaneously as 
an injector and extractor when it has no other opening 
(Elmualim and Awbi 2002; Elmualim 2006a; Li and Mak 

2007; Su et al. 2008). A WE can be a suitable alternative  
to increase natural ventilation when the construction area 
or surrounding buildings impose limitations to use cross- 
ventilation by two windows, one at the windward and the 
other at the leeward facade (Karava et al. 2011; Etheridge 
2012; Bangalee et al. 2013; Shetabivash 2015; Carrilho da 
Graça et al. 2015; Perén et al. 2015a).  

In hot and specially in hot-humid climates, natural 
ventilation is an important thermal comfort strategy, that 
can yield important energy savings (Oropeza-Perez and 
Østergaard 2014). A Mexican official recommendation 
includes this strategy for those climates (CONAVI 2010). 
In this case, the airflow distribution inside the living zone 
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of the building becomes relevant since the increase of the 
airflow speed can increase the sweat evaporation rate. More 
than 70% of the geographical area of Mexico has a hot climate, 
and most of the dwellings that are being constructed in 
Mexico have one or two floors, with only one opening per 
room. In general, the construction area imposes limitations 
in increasing the ventilation by two windows in opposite 
walls of a room, thus the use of a windexchanger on the roof 
of these dwellings has been proposed to increase natural 
ventilation (Cruz-Salas et al. 2014, 2018; Castillo et al. 2017). 
Building geometries and wind conditions have to be 
investigated in order to provide guidelines for the design  
of WEs that promote an airflow distribution that is as 
uniform as possible within the living zone of a building 
and a sufficiently high airflow rate.  

WEs exhibit a great variety of geometric configurations, 
and their performance is a function of the building and WE 
geometry (Montazeri and Azizian 2008; Montazeri et al. 
2010), the existence and location of others openings, e.g. 
windows, in the building and the wind conditions, i.e. speed 
and direction (Montazeri et al. 2010; Cruz-Salas et al. 2014; 
Castillo et al. 2017) and the internal arrangements in the 
building, such as window louvers, furniture, etc. Experiments 
are an important methodology for WE performance 
assessment, but using this method can be a slow and tiresome 
process when parametric analyses need to be performed. In 
contrast, Computational Fluid Dynamics (CFD) simulations 
are generally considered to be more suitable for such analyses. 
CFD allows full control over the boundary conditions and 
easily and efficiently allows parametric studies to be performed 
to evaluate alternative design configurations and provides 
so-called whole flow-field data, i.e. information about the 
computational variables in all points of the computational 
domain (Murakami 1997; Stathopoulos 1997; Baker 2007; 
Solari 2007; Tominaga and Stathopoulos 2013; Meroney 
and Derickson 2014; Blocken 2014, 2015). Because of these 
reasons and because of the increase in computational 
resources, in the past decades, CFD has become a common 
methodology for natural ventilation studies (Chen 2009; 
Blocken 2018).  

An often studied WE geometry is that with a square 
cross-section and four subducts (Elmualim and Awbi 2002; 
Elmualim 2006a,b; Li and Mak 2007; Hughes and Ghani 2009, 
2010; Liu et al. 2011; Cruz-Salas et al. 2014; Khodakarami 
and Aboseba 2015; Castillo et al. 2017), and most of the 
existing commercial WE have this geometry (Hughes et al. 
2012). A similar WE with circular cross-section and four 
subducts has also been studied (Elmualim and Awbi 2002; 
Su et al. 2008; Montazeri 2011). In addition, square or 
rectangular cross-section WEs with one duct (one-sided) 
(Montazeri and Azizian 2008; Montazeri et al. 2010; Esfeh 
et al. 2012; Cruz-Salas et al. 2014; Calautit et al. 2015; Castillo 

et al. 2017) and two subducts (two-sided) (Montazeri et al. 
2010; Cruz-Salas et al. 2014; Castillo et al. 2017) have been 
analyzed, as well as circular cross-section WEs with two, 
three, six and twelve subducts (Montazeri 2011). When 
comparing a square or rectangular cross-section WE, in the 
same conditions with a circular cross-section WE, having 
the same subducts number, it was found that the square  
or the rectangular one provides a higher airflow rate than 
that with a circular cross-section (Elmualim and Awbi 2002; 
Montazeri 2011).  

To the best of our knowledge, in all CFD simulations to 
evaluate WEs, the WE was placed on the roof of an isolated, 
generic building consisting of a single room. In these studies, 
the WE was placed in the center of the roof plane, except 
in one study (Khodakarami and Aboseba 2015), where the 
WE was placed in one edge of the room roof. These CFD 
simulations can be classified into four types depending on 
the building/room and windows (Fig. 1): (1) building/room 
not considered (the connection of WE subducts to the 
building/room is considered as a pressure outlet or inlet 
boundary condition) (Li and Mak 2007; Su et al. 2008), (2) 
room considered with no window (Elmualim and Awbi 
2002; Elmualim 2006a,b; Hughes and Ghani 2009, 2010), (3) 
room considered with windows as inlet or outlet pressure 
boundary condition (Montazeri et al. 2010; Montazeri 2011; 
Calautit et al. 2015), and (4) building and room immersed 
in a larger simulation domain representing the exterior 
surroundings (Su et al. 2008; Liu et al. 2011; Khodakarami 
and Aboseba 2015). In only one of these CFD studies, the 
flow distribution inside the room was analyzed (Liu et al. 
2011).  

 
Fig. 1 CFD simulation types for WE: (a) building/room is not 
considered, (b) room is considered with no window, (c) room is 
considered with window and (d) building and room are immersed 
in a large simulation domain 
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Almost all these previous CFD studies were accompanied 
by a validation study with experimental data. Most of them 
used as comparison parameters: (a) flow rate (Elmualim 
2006a,b; Li and Mak 2007; Su et al. 2008; Montazeri et al. 
2010; Montazeri 2011; Liu et al. 2011), (b) mean pressure 
coefficients (Elmualim and Awbi 2002; Elmualim 2006a,b; 
Montazeri et al. 2010; Liu et al. 2011), (c) mean velocity at 
some points inside the WE (Hughes and Ghani 2009, 2010; 
Liu et al. 2011), and (d) mean velocity at some points inside 
the room (Calautit et al. 2015).  

In summary, previous CFD research on WEs mainly 
focused on the increase of the ventilation flow rate. The 
same holds for previous experimental research on WEs. 
Concerning CFD and experimental studies combined, only 
four studies on WEs address the distribution of the airflow 
inside the room, which is important when natural ventilation 
is used for thermal comfort. These studies consider only one 
direction of the wind incident to an isolated room. Three 
of these are experimental studies with a limited number of 
cases, for a room with a windward window (Cruz-Salas et al. 
2014), for a room with a leeward window (Castillo et al. 2017) 
and for both window orientations, analyzing the effect of 
WE duct cross-section area and geometry (Cruz-Salas et al. 
2018). The other one is a CFD study where the airflow inside 
the room is analyzed for one WE configuration, considering 
four cases: no windows and no thermal buoyancy; no 
windows and thermal buoyancy; windward window and 
thermal buoyancy; and leeward window and thermal 
buoyancy (Liu et al. 2011). Nevertheless, in that study, the 
validation is made by comparing measurements made at 
the WE-Room interconnection and inside the WE, but not 
inside the room. Thus, to the best of our knowledge, no study 
so far has focused on the CFD validation of the airflow 
distribution produced in a room by a WE and a window 
using measurements in the interior of the room. The goal 
of this paper therefore is to realize such a CFD validation 
study using velocity measurements obtained in the interior 
of the room. In addition, the goal is to perform a sensitivity 
and performance analysis of three WE configurations.  

In this paper, CFD simulations of natural ventilation flow 
in a generic isolated building with a square cross-section 
WE and a window in the windward facade are presented. 
The focus is on wind perpendicular to the windward building 
facade. The simulations are validated with open water channel 
experiments by Cruz-Salas et al. (2014). The validation 
target parameters are the mean velocity inside the room 
along two lines of interest and the percentage area in the 
vertical center plane in the living zone with air speed equal 
to or above 0.10. Additionally, the impact of some of the 
computational parameters is investigated, including the height 
of the computational domain, the boundary condition for 
the (experimental) air-water interface, the resolution of the 

computational grid and the turbulence model. The com-
parison of the performance of the three WEs is performed 
in terms of mean velocity and mean pressure coefficient in 
the vertical centerplane and in terms of the ventilation volume 
flow rate and the volume percentage of the living volume 
with air speed ratio equal to or above 0.10. 

The paper is organized as follows. Section 2 briefly 
describes the open water channel experiments by Cruz-Salas 
et al. (2014). Section 3 presents the computational settings 
and parameters for the reference case. Section 4 contains the 
validation of the CFD simulations for three windexchangers. 
Section 5 presents the sensitivity analysis for some of the 
computational parameters of the reference case. The results 
of the performance analysis of the three windexchangers 
evaluation are presented in Section 6 and the main discussions 
and conclusions are presented in Section 7.  

2 Open water channel experiments 

Stereo particle image velocimetry (SPIV) measurements of 
wind-driven (isothermal) natural ventilation for a generic 
isolated building, consisting of a single room, with a window 
in the windward facade and different WEs with square 
cross-section, were conducted by Cruz-Salas et al. (2014)  
in the test section of an open water channel located at the 
Renewable Energy Institute of the National Autonomous 
University of Mexico, Morelos, Mexico. The open water 
channel (OWC) is 6 m long and has a test section of 1.0 m × 
0.315 m × 0.41 m. The room models were scaled 1:25. In 
the following, dimensions are given for the reduced-scale 
model and in parenthesis for full scale. The models were 
made of transparent acrylic, with thicknesses of 6 mm 
(0.1500 m) for walls and room roof, 9 mm (0.2250 m) for 
the floor, 3 mm (0.0750 m) for the WE roof, and 1.5 mm 
(0.0375 m) for the WE interior partitions. The room had 
interior dimensions W × D × H = 12 (3.0) × 12 (3.0) × 10.8 
(2.7) cm3 (m3) (Fig. 2). The room had a square window, with 
5.2 cm (1.300 m) edge length and centered in the plane of 
the windward wall, resulting in a wall porosity (opening area 
divided by wall area) of 17% (Etheridge 2012). Its base was 
at a height of 3.6 cm (0.900 m) from the floor. All WEs had 
a height of 5.5 cm (1.375 m) measured from the roof, and 
had an interior square cross section of 2.6 cm (0.650 m) edge 
length. The WEs were designed with a roof eave of 2.0 cm 
(0.500 m) as solar and rain protection.  

In Cruz-Salas et al. (2014), six WE configurations  
and three orientations to the incident flow were analyzed 
experimentally. In this paper, we focus on three of those WE 
configurations for wind flow perpendicular to the windward 
facade: (A) the WE with four openings and four subducts, 
(B) the WE with four openings and one duct, and (C) the 
WE with two openings and two subducts (Fig. 3).  
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Fig. 3 Windexchanger configurations: (A) with four openings, four 
partitions, and four subducts, (B) with four openings and one duct, 
(C) with two openings, two partitions, and two subducts. Top view 
in the upper part, the arrows indicate the wind incidence angle 
tested, and isometric view in the lower part 

The SPIV measurements were performed in the vertical 
central plane, as shown in Fig. 2(b). An atmospheric boundary 
layer (open-terrain roughness profile) was reproduced by 
placing vertical plates at the entrance of the water channel. 
The mean velocity U and turbulence intensity I profiles, 
shown in Fig. 4, were measured in the test section at the  

 
Fig. 4 Vertical profiles of incident mean velocity U and longitudinal 
turbulence intensity I measured in the water channel (Cruz-Salas 
et al. 2014). The blue line is the logarithmic fit to the mean velocity 
data represented with black dots. The turbulent intensity data are 
represented by the red circles. The dashed line indicates the height 
of the scaled room (h =12.3 cm) 

room position but without the room present, these are called 
the incident profiles (Blocken et al. 2008). The power law 
exponent is α = 0.29 (Bañuelos-Ruedas et al. 2010) and  
the aerodynamic roughness length y0 is 0.06 cm (0.015 m) 
(Wieringa 1992). Blocken et al. (2008) recommend targeting 
the reproduction of the incident profiles rather than the 
approach profiles for a reliable validation study. A reference 
mean water speed Uref = 0.089 m/s and a reference turbulence 
intensity of 20% were measured at the reference height yref 
taken as the external height of the building (WE excluded) 
h = 12.3 cm (3.075 m). The building Reynolds number Re = 
Urefh/ = 1.4 × 104, where  is the kinematic viscosity of the 
fluid, was used to conserve the dynamic similarity in the 
experiments (Uref = 0.089 m/s with water at h = 12.3 cm) 
with a single building at full scale (Uref = 0.062 m/s with air 
at h = 3.075 m).   

3 CFD simulations: settings and parameters 

In this section, the computational settings and parameters 
for the three studied WE configurations are presented. The 
simulations are performed with the commercial CFD code 
ANSYS Fluent 15 (ANSYS 2013). They are performed at 
reduced scale with water as a fluid medium.  

3.1 Computational domain and grid 

The computational domain and grid are constructed to 
reproduce the open water channel test section. The 
dimensions of the computational domain are partly based 
on the CFD simulation guidelines by Franke et al. (2007) 
and Tominaga et al. (2008). However, the upstream length 
is reduced to 3 times of h to restrict the development   
of unintended streamwise gradients (Blocken et al. 2007b, 
2008; Blocken 2015). The width and height domain are 
adjusted to represent the OWC width and the water depth, 
respectively. Itis noted that this represents a strong deviation  

 
Fig. 2 Model of the room with one of the windexchangers. (a) Top and front view, units in centimeter; (b) isometric view with the 
measurement plane and flow direction, where h =0.123 m and w = 0.132 m are the external height and width of the room model,
respectively 
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from the guidelines by Franke et al. (2007) and Tominaga 
et al. (2008), but it should be noted that this deviation is 
required for the purpose of the validation study (given the 
narrow width of OWC) and that the actual performance 
evaluation later in this paper will strictly adhere to the 
guidelines (Franke et al. 2007; Tominaga et al. 2008; Blocken 
2015). The resulting domain dimensions are Wts × Dts × Hts = 
31.5 (7.875) × 234.6 (58.65) × 41.0 cm3 (10.25 m3) (Fig. 5(a)). 
As recommended by van Hooff and Blocken (2010a), the 
computational grid is block-structured and it is created 
using the surface-grid extrusion technique. The advantage 
of this technique is that it allows the full control of the size 
and shape of every grid cell. It has been successfully used in 
previous studies of natural ventilation (van Hooff and Blocken 
2010a,b; Blocken et al. 2011; Ramponi and Blocken 2012; 
Perén et al. 2015a). Thus, the grids used in this study do 
not contain any pyramidal or tetrahedral cells (Fig. 5(b)). 
The grid selected from the sensitivity analysis is grid B 
with 1,837,108 cells, shown in Fig. 12(b). The grid-sensitivity 
analysis will be reported later in this paper.  

3.2 Boundary conditions 

The inlet boundary conditions are set in accordance to the 
incident profiles measured in the test section of the water 
channel. The mean velocity inlet boundary condition is 
given by the logarithmic law:  

0ABL

0
( ) ln y yuU y

κ y

* +
= ( )                           (1) 

where y0 = 0.06 cm is taken from Cruz-Salas et al. (2014), κ = 
0.42 is the von Karman constant and ABLu* = 0.007 m/s is the  

 

Fig. 5 Perspective views of: (a) computational domain and room 
scale model; (b) computational grid for reference case with 
1,837,108 cells 

atmospheric boundary layer (ABL) friction velocity that is 
determined based on the values of Uref, and yref from the 
experiment. The inlet turbulent kinetic energy (TKE) k 
profile is calculated from the standard deviations of the 
velocity in x-direction σu, y-direction σv, and z-direction σw 
reported by Cruz-Salas et al. (2014) and following Eq. (2). 
The resulting turbulent kinetic energy profile is shown in 
Fig. 6.  

2 2 2( ) ( ) ( )( )
2

u v wσ y σ y σ yk y + +
=                       (2) 

The turbulence dissipation rate (TDR) and specific dissipation 
rate (SDR) profiles, ε and ω, respectively, are calculated as 
follows:  

( )

3
ABL

0
( ) uε y

κ y y

*

=
+

                               (3) 

( )( )
( )μ

ε yω y
C k y

=                                  (4) 

where Cμ = 0.09 (Tominaga et al. 2008). Since measurements 
were only performed in the vertical center plane, the following 
procedure is carried out to obtain the target 3D numerical 
incident profiles of mean velocity, TKE, TDR and SDR,  
to be imposed as inlet conditions at the inlet face of the 
computational domain. Initially, in an empty OWC domain 
(without the building model), a 2D velocity profile is 
imposed as inlet boundary condition. This profile is modified 
iteratively until the incident velocity profile in the vertical 
center plane matches the experimental one.  

The standard wall functions (Launder and Spalding 
1974) are used for the ground and room surfaces using the 
sand-grain roughness modification (Cebeci and Bradshaw 
1977). For the ground surface, the value of the sand-grain 
roughness height is considered as kS = 0.002 m due to the 
height of the first vertical control volume (Blocken et al. 
2007b). The roughness constant CS is calculated using the 
expression derived by Blocken et al. (2007b) for this wall 
function and roughness modification in ANSYS Fluent:  

0
S

S

9 793yC
k

.
=                                    (5) 

The room and WE surfaces are set as smooth no-slip 
walls applying kS = 0 m and CS = 0.5. The lateral boundaries 
are specified as smooth no-slip walls. At the outlet boundary, 
zero static gauge pressure is imposed and the top of the 
domain is modeled as a free-slip condition, i.e. zero normal 
velocity and zero normal gradients (Gallardo et al. 2013). 
Unintended streamwise gradients, i.e. differences between 
the inlet and the incident profiles are assessed from the 
corresponding vertical profiles in the computational domain  
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Fig. 6 Profiles of the mean velocity U, the turbulent kinetic energy 
k and the specific dissipation rate ω at the inlet (solid line) and in 
the empty domain at the position where the building will be 
placed (incident; dashed line). The subscripts “IN” and “BP” refer 
to “inlet” and “building position”, respectively. The height of the 
building model (h = 0.123 m) is indicated in the figure 

without the model following the recommendations by 
Blocken et al. (2007a,b). Figure 6 compares the inlet and the 
incident profiles. The average differences between the inlet 
and the incident profiles of U and ω are below 3%. However, 
the k profiles have a maximum difference of 40% close to the 
floor. This large difference in k profiles has been reported in 
other building simulations of natural ventilation (Blocken 
et al. 2007b; Ramponi and Blocken 2012; Blocken 2015).  

3.3 Solver settings 

For the reference case, the simulations are performed by 
combining the 3D steady RANS equations with the shear- 
stress transport (SST) k-ω model (Menter 1994). Second 
order discretization schemes are used for the convective 
and viscous terms of the governing equations and for the 
equations of the turbulence model. Pressure interpolation 
is second order, and the SIMPLEC algorithm is used for 
pressure-velocity coupling (Ramponi and Blocken 2012). 
Convergence is assumed to be obtained when all scaled 
residuals leveled off and are below 10−5 for x, y and z 
momentum, 10−4 for k and ω and 10−3 for continuity. The 
scaled residuals as a function of the number of iterations 
show oscillatory convergence, as shown in Fig. 7. Ramponi 
and Blocken (2012) explain that these small oscillations in 
these scaled residuals, that represent an average over all cells 
in the computational domain, could reflect stronger local 
oscillations in the flow field. Figure 8 presents the presents 
the x-component (a) and the y-component (b) of the mean 
velocity normalized with Uref, U/Uref and V/Uref, respectively, 
for seven representative points in the computational domain. 
As can be observed, in this particular study, there are no   

 
Fig. 7 Scaled residuals monitored over 10,000 iterations for the 
reference case 

oscillations in these velocity components at these seven 
positions, and therefore averaging over iterations is deemed 
unnecessary and is not performed. 

4 Validation of the CFD simulations 

The CFD simulation results of the three WE configurations 
are compared with the SPIV measurements obtained by 
Cruz-Salas et al. (2014).  

Figure 9 compares the velocity vector fields in the 
vertical centerplane. The CFD simulations reproduce the 
main vortices in the flow, such as the standing vortex 
upstream of the windward wall, the recirculation vortex on 
the roof upstream of the WE base, and the large recirculation 
in the rear of the room. The vortex in the room rear is larger 
in the CFD simulation than in the corresponding experiment, 
for each of the three configurations. In literature, it is 
reported that steady RANS CFD is deficient in reproducing 
the wind flow downstream to the building (van Hooff and 
Blocken 2010; Murakami 1993).  

The percentage area with air speed ratio equal to or 
above 0.10, P, is defined as the percentage area of the living 
zone in the vertical center plane (up to a height of Lz = 1.80 m 
in full scale) that has an air speed ratio larger or equal to 0.10 
(taken from Cruz-Salas et al. (2014)). The velocity vectors 
in this part of the area are shown with thicker red arrows. 
The differences in percentage area with air speed ratio above 
0.10 between SPIV and CFD simulations of P are 8%, 14% 
and 5% for A, B and C WE configurations, respectively.  

In Fig. 10, U/Uref and V/Uref, along a horizontal central 
line Lh and a vertical central line Lv, respectively, are presented. 
The comparison of these variables, between numerical and 
experimental results, has an average error below 7% which 
indicates good match. The experimental results around 
the window opening are not considered because SPIV 
measurements cannot provide accurate information here 
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due to reflections and shading effects. This problem has 
also been encountered in other PIV measurements (Karava 
et al. 2011). 

 

Fig. 9 Experimental (SPIV) and numerical (CFD) velocity vector 
fields for three WE configurations. WE configuration (left column); 
experimental vector field (Cruz-Salas et al. 2014) (central column) 
and numerical vector field (right column). The percentage area with 
air speed ratio equal to or above 0.09 (taken from Cruz-Salas et al. 
(2014)) is shown using thicker-red arrows. The horizontal-blue 
line at 0.072 m above the floor indicates the upper bound of the 
living zone (1.80 m in full scale) 

 
Fig. 10 Comparison of experimental (SPIV) and numerical (CFD) 
results for reference case in terms of components of the normalized 
velocity. WE configuration (left column), x-component U/Uref along 
a horizontal centerline Lh (center column) and y-component V/Uref 
along a vertical centerline Lv (right column) 

5 Sensitivity analysis 

A systematic sensitivity analysis is carried out for the WE A 
configuration. A given set of parameters is used as a reference 
case and the impact of the variation of one parameter at a 
time on the simulation results is evaluated. The evaluated 
parameters are: the height of the computational domain 
(Section 5.1), the resolution of the computational grid 

 
Fig. 8 Components of the normalized mean velocity at seven monitoring points over 1000 iterations: (a) x-component U/Uref in three 
selected points along the window centerline at upstream (x/D = −0.5) of the inlet opening (Pt. 1), in the center of the window (x/D = 0) 
(Pt. 2) and in the center of the room (x/D = 0.5) (Pt. 3), and in two points along the WE centerline upstream (x/D = 0.25) of the WE 
opening (Pt. 4) and in the center of the WE duct (x/D = 0) (Pt. 5); (b) y-component V/Uref in one representative point at the center of the 
room (Pt. 3) and in two points at the center of the interconnection room-WE (x/D = 0.45, 0.55) (Pt. 6-7) 
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(Section 5.2) and the turbulence model (Section 5.3). Table 1 
shows the computational parameters for the sensitivity 
analysis. The reference case is indicated in bold. 

5.1 Impact of height of computational domain 

It is clear that the OWC width is too small compared to the 
size of the building model. In this subsection, it is analyzed 
whether changing the height and top of the top boundary 
condition for the (experimental) air-water interface has an 
impact on the natural ventilation CFD results. The position 
and type of the top boundary condition for the (experimental) 
air-water interface are varied by means of changing the 
height of the computational domain and imposing either 
free-slip or symmetry conditions. The computational domain 
defines the numerical blockage ratio BR, i.e. the ratio between 
the frontal area of the model facade and the cross-section 
of the computational domain (Barlow et al. 1999). For the 
reference case, the high value of BR = 14% is imposed by 
the required similarity of the numerical domain to that in 
the experiments, thus, the computational height domain  
d = Hts represents the water height measured in the 
experiments. In CFD, the water-air interface is simulated 
with a free-slip boundary condition. Three additional values 
of BR are considered: 7%, 4% and 2% with d = 6 × h, d = 10 × 
h and d = 15 × h, respectively. For these three BR values, the 
water-air interface is simulated with a symmetry boundary 
condition suggested by Franke et al. (2007) and Tominaga 
et al. (2008) (Fig. 11(a)). The upstream and downstream 
length of the domain remain fixed at 3 × h and 15 × h, 
respectively (Fig. 5(a)). Figures 11(b) and 11(c) show that 
changing the top boundary condition has no impact on 
these results. Although the BR of 14% is clearly too large, it is 
retained for the validation and the sensitivity analysis—but 
not for the WE performance evaluation—because it represents 
the actual condition of the OWC experiments. 

Table 1 Computational parameters for the sensitivity analysis. 
The reference case is indicated in bold 

 
Height domain 

(Section 5.1) 
Grid resolution 

(Section 5.2) 
Turbulence models 

(Section 5.3) 

Ref. 
case d = Hts 1,837,108 cells  

(Grid B) SST k-ω (Menter 1994)

 d = 6 × h 823,192 cells  
(Grid A) 

Sk-ε (Jones and 
Launder 1972) 

 d = 10 × h 3,263,478 cells  
(Grid C) Rk-ε (Shih et al. 1995)

 d = 15 × h 6,785,516 cells 
(Grid D) 

RNG k-ε (Yakhot et al. 
1992) 

   Sk-ω (Yakhot et al. 
1992) 

   RSM (Launder et al. 
1975) 

 
Fig. 11 Sensitivity analysis: impact of (a) four different com-
putational domain heights on (b) the dimensionless streamwise 
velocity component U/Uref along Lh and (c) the dimensionless vertical 
velocity component V/Uref along Lv (SST k-ω model, 1,837,108 
cells) 

5.2 Impact of computational grid resolution 

Grid sensitivity analysis is performed to obtain a suitable 
grid limiting discretization errors and computational cost. 
The Grid A with 823,192 cells is made following the CFD 
simulation guidelines by Franke et al. (2007); Tominaga 
et al. (2008). Three successively refined grids (Figs. 12(a)  
to (d)); Grid B (reference case), Grid C, and Grid D, with 
1,837,108 cells, 3,263,748 cells, and 6,785,516 cells, respectively, 
are generated. The grids are obtained by refining Grid A 
with a factor 3 2  in each Cartesian coordinate direction. 
For the four grids, Figs. 13(a) and (b) show the comparison 
of the normalized mean velocity of the x-component U/Uref 
and of the y-component V/Uref along the horizontal central 
line Lh and the vertical central line Lv, respectively. The results 
show that Grid B provides nearly grid-independent results. 
In addition, the grid-convergence index (GCI) by Roache 
(1994) is calculated. In Figs. 13(c) and (d), the GCI results 
for U/Uref and V/Uref, respectively, show that grid sensitivity 
is most pronounced for the indoor area. The GCI is calculated 
by comparing the Grids B and C, given the small differences 
in the results of Grid C with D. The analysis confirms that 
the Grid B, that is used for the reference case, is an appropriate 
grid. 

5.3 Impact of turbulence model 

The CFD simulations are performed with the 3D steady 
RANS simulations with a turbulence model for closure. Six  
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Fig. 12 Perspective views of the room scale model grids for the 
grid-sensitivity analysis: (a) Grid A with 823,192 cells; (b) Grid B 
with 1,837,108 cells (reference grid); (c) Grid C with 3,263,478 
cells; (d) Grid D with 6,785,516 cells 

 
Fig. 13 Grid-sensitivity analysis for (a) U/Uref along Lh and (b) 
V/Uref along Lv. Grid Convergence Index error band (Roache 1994) 
for for (c) U/Uref along Lh and (d) V/Uref along Lv 

turbulence models are tested: (1) the shear-stress transport 
k-ω (SST k-ω) (Menter 1994), (2) the standard k-ε (Sk-ε) 
(Jones and Launder 1972), (3) the realizable k-ε (Rk-ε) (Shih 
et al. 1995), (4) the renormalization group k-ε (RNG k-ε) 
(Yakhot et al. 1992), (5) the standard k-ω (Sk-ω) (Yakhot  
et al. 1992) and (6) the Reynolds Stress Model (RSM) 
(Launder et al. 1975). In Figs. 14(a) and (b), the impact of 
the six turbulence models on U/Uref and on V/Uref is presented.  

 
Fig. 14 Turbulence model sensitivity analysis: SST k-ω, Sk-ε, k-ε, 
RNG k-ε, Sk-ω, and RSM compared with SPIV experiments. For 
(a) U/Uref along Lh and (b) V/Uref along Lv 

Comparing with the experimental results, the SST k-ω 
model (selected) and the RNG k-ε model have an averaged 
error (i.e. averaged along the line) below 6%, while the rest 
of the models yield a larger value. Despite the fact that both 
models, SST k-ω and RNG k-ε, are suitable to be used for the 
reference case, the SST k-ω model is selected. This decision 
is made based on the fact that accurate results are obtained 
using this turbulence model in both the present study and 
in similar previous CFD studies of natural ventilation, which 
used air as a fluid and were validated with experiments in 
atmospheric boundary layer wind tunnels (Ramponi and 
Blocken 2012; Perén et al. 2015a,b,c). 

6 Windexchanger performance evaluation 

This paper presents a first step in the performance evaluation 
of different wind exchangers. It is therefore limited to the 
situation with wind direction perpendicular to the windward 
building facade. All computational parameters and settings 
are the same as in the reference case in Section 3 are employed, 
except for the size of the computational domain. Note that 
the computational domain for the validation study (Section 4) 
reproduced the width and depth of the OWC. To reduce 
the influence of the size walls, to reduce the blockage ratio 
and hence to obtain a more reliable results, a new domain 
is created by following the guidelines by Franke et al. (2007); 
Tominaga et al. (2008), where the lateral and the top distances 
from the exterior surface of the room to the lateral and 
top domain boundaries, respectively, are five times the 
characteristic length (5 × h), see Fig. 15. For these extended 
boundaries the symmetry boundary condition is employed. 
Additionally, the domain is rescaled to full scale and air is 
used as working fluid. The inlet vertical profiles of U, TKE, 
TDR, and SDR are as in Eqs. (1, 2, 3, 4, 5) with y0 = 0.03 m. 

The characteristics of the three WE are summarized in 
Table 2. Figure 16 illustrates the computational grids in full 
scale of the room with the three WE configurations. 

To evaluate the natural ventilation promoted by the 
three WE configurations, the pressure coefficient Cp and the  
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Table 2 Geometrical windexchanger (WE) characteristics: number 
of openings NO, number of subducts NSD, ratio of WE total opening 
area to window opening area AWE/Aw and ratio of WE total opening 
area to WE duct cross-sectional area AWE/Ad 

WE NO NSD AWE/Aw AWE/Ad 

A 4 4 1.0 4 
B 4 1 1.0 4 
C 2 2 0.5 2 

 
Fig. 16 Computational grid of the building with the three WE 
configurations: (A) with four openings, four partitions, and four 
subducts, (B) with four openings and one duct, (C) with two 
openings, two partitions, and two subducts 

normalized velocity magnitude Um/Uref in the vertical central 
plane are compared, as well as the ventilation volume flow 
rate Q and the volume percentage with air speed ratio equal 
to or above 0.10 Pv are determined. Pv is calculated in the 
living zone, which is defined as the volume in the room 
below 1.80 m.  

The pressure coefficient Cp is obtained by:  

s ref
p 21

ref2

P PC
ρU
-

=                                   (6) 

where Ps is the local static pressure, Pref the reference static 
pressure and ρ = 1.1839 kg/m3 the air density at 25 °C. 
Figure 17 presents contour plots of Um/Uref and Cp in the 
vertical centerplane. It can be observed that the velocity 
magnitude distribution inside the room, for the three WE 
configurations, has three areas: (1) the incoming downward 
oriented jet, (2) the low-velocity zones in the center of the 
room and in the upper left corner and (3) the remaining area  

in the right upper corner. The low-velocity (2) is smaller 
for the A and B configurations, while the C configuration 
produces the biggest area. This can be attributed to the value 
of the outlet and inlet area ratio Ao/Ai for the each WE 
configuration. For the three configurations, the window 
behaves as flow inlet. The WE openings can act as inlet  
or outlet depending on the configuration. A single WE  
side opening area represents 0.25 of the window area   
(Aw) (Table 2). For WE configuration A, the windward  
WE opening acts as inlet while the leeward and laterals  
WE openings act as outlets. This gives Ao/Ai = 0.60. As 
configuration B does not have subducts, the windward WE 
opening helps to increase the under pressure inside WE, 
but does not constitute an inlet flow to the room. Hence 
this area is neglected in the calculation of Ao/Ai. The laterals 
WE openings act as outlets, thus Ao/Ai for B is 0.75. For C, 
the windward WE opening acts as inlet and the leeward 
WE opening behaves as outlet, thus Ao/Ai = 0.20.  

These observations are confirmed by the Cp difference 
between the windward facade of the room and the WE 
leeward opening, shown in Fig. 17. 

The WE configuration B has the greatest value of Q = 
0.232 m3/s, while A and C have 0.226 m3/s and 0.181 m3/s, 
respectively. The values of air changes per hour ACH are 
33, 34 and 27 for WE configurations A, B, C, respectively. It 
seems that in terms of flow resistance and resulting volume 
flow rate, the WE with single duct in configuration B acts 
very similar to the four-ducted WE in configuration A, with 
the windward opening acting as “inlet” and the three other 
openings as “outlet”. 

To evaluate Pv, the living volume is discretized in 1,000 
cells. Figure 18 shows Pv for each WE configuration, where 
the WE configuration B with Pv = 21% has the greatest value, 
followed by A and C with 13% and 5%, respectively.  

The ventilation volume flow rate and the volume per-
centage with significant air speed ratio are normalized with 
the corresponding WE configuration A value, AQ Q Q* = /  
and v v v-AP P P* = / . In Table 3, the values of Q*  and vP*  are 
presented. The WE configuration B improves Q*  and vP*   

 
Fig. 15 Computational domain in full scale for WE performance analysis: (a) perspective view of the building in computational domain;
(b) view of the computational grid on building and ground surfaces 
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Fig. 18 Comparison of the volume percentage with air speed 
ratio equal to or above 0.10, Pv, in the living zone. The dashed- 
blue line indicates the upper limit of the living zone (up to a height 
of Lz = 1.80 m) 

by 3% and 62%, respectively. While, the WE configuration 
C decreases 20% for Q*  and 62% for vP* . The WE con-
figurations A and B have similar value for Q* , however, 
for vP*  there is an important difference. This is attributed 
to the details of the velocity vector field in the room as 
influenced by the WE configuration. This implies that the 
WE configuration in terms of openings and subdutcs can  

Table 3 Windexchanger (WE) performance comparison. Normalized 
volume flow rate Q*  with respect to the volume flow rate of  
WE configuration A, AQ Q Q* = /  and the normalized volume 
percentage with air speed ratio equal to or above 0.10 Pv, with 
respect to the volume percentage with air speed ratio of WE 
configuration A, v v v-AP P P* = /  

WE Q*  vP*  

A 100% 100% 
B 103% 162% 
C 80% 38% 

 
have an important fact on the air velocity in the living zone 
and that assessment and selection of WE configurations 
should not only be based on volume flow rate or ACH. 

7 Discussion and conclusions 

A review of the literature showed that previous research on 
wind exchangers (WEs) mainly focused on the ventilation 
flow rate and options to increase it. Only four studies on 
WEs address the distribution of the airflow inside the room, 
which is important when natural ventilation is used for 
thermal comfort. Three of these studies are experimental 
studies with a limited number of cases (Cruz-Salas et al. 
2014, 2018; Castillo et al. 2017) and while the fourth one is 

 
Fig. 17 Contours of 3D velocity magnitude (first column), mean pressure coefficient (middle column) and velocity vector field (right
column) in the vertical centerplane for the three WE configurations 
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a CFD study where the airflow inside the room is analyzed 
for four cases of one WE configuration but the validation  
is made by comparing measurements inside the WE, and  
at WE room interconnection (Liu et al. 2011). Thus, to the 
best of our knowledge, no study so far has focused on the 
CFD validation of the airflow distribution produced in a 
room by a WE and a window using measurements in the 
interior of the room. The goal of this paper therefore was  
to provide a first attempt of CFD validation using velocity 
measurements obtained in the interior of the room and 
compare the performance of three WE configurations. In 
addition, the goal of this paper was to provide a sensitivity 
analysis and a performance evaluation of three WE con-
figurations for natural ventilation.  

The simulations are performed with a window at the 
windward facade and at normal wind incidence angle of an 
isolated room with geometry W × D × H = 3.0 m × 3.0 m × 
2.7 m, in full scale. The three studied WE configurations 
are: A with four openings and four subducts, B with four 
openings and one duct, and C with two openings and two 
subducts. The three WEs are located at the roof center and 
both the building and the WE roof are flat. The study was 
subjected to a number of limitations: 
‒ Only a single building geometry was considered, with 

fixed window opening and with fixed main dimensions 
of the WEs.  

‒ Only wind perpendicular to the windward facade con-
taining the window opening was considered.  

‒ The study only considered wind-driven ventilation, not 
buoyancy, and as such all simulations were performed 
with under isothermal conditions.  

‒ The indoor single zone was considered to be completely 
empty, the impact of furniture was not considered.  

‒ The differences between the results on the four different 
grids are very small. This suggests that future studies 
can use grids based on the coarsest grid analyzed in the 
present study, and that it might even be possible to use 
even coarser grids without substantial loss in numerical 
accuracy.  
In spite of these limitations, this study has provided the 

first CFD validation study for natural ventilation by different 
WEs based on internal flow variables. This study has also 
provided a detailed sensitivity analysis providing guidelines 
for future studies. Finally, the present study has provided  
a first performance evaluation of three different WE 
configurations. Although future research should address the 
limitations of the present study, based on the present study, 
the following conclusions are provided: 
‒ The validation study showed that the SST k-ω and the 

RNG k-ε turbulence models provided the best agreement 
with the experimental results.  

‒ The water-air interface in the water channel experiments 
could be properly simulated with a free-slip boundary 
condition imposed on a horizontal plane at the height of 
the interface.  

‒ The low-velocity area inside the single-zone room was 
smaller when the building has the WE configurations A 
or B than with configuration C. 

‒ The ventilation flow rate was highest for WE configuration 
B, i.e. 3% higher than in configuration A and 23% higher 
than in configuration C.  

‒ The volume percentage with air speed ratio equal to or 
above 0.10 was used to evaluate the air speed distribution 
in the living zone. This volume percentage is highest for 
configuration B (21%) followed by configuration A (13%) 
and configuration C (5%).  

‒ The better performance of configurations A and B in 
terms of ventilation flow rate or ACH was attributed  
to the similar overall air flow resistance in these two 
configurations, which was lower than in configuration C.  

‒ The clearly better performance of configuration B in terms 
of magnitude of indoor air velocity ratio was attributed 
to the specific details of the velocity vector field in the 
room as influenced by the WE configuration.  

‒ This implies that the WE configuration in terms of 
openings and subdutcs can have an important fact on the 
air velocity in the living zone and that assessment and 
selection of WE configurations should not only be based 
on volume flow rate or ACH.  
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