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CFD simulations of natural cross-ventilation flow with 3D steady RANS simulations.
Influence of windward and leeward eaves on flow rate and velocity.
Eaves have a large effect on the static pressure distribution on windward facade.
Windward eaves have a much larger effect than leeward eaves.
The angle of the eaves determines the effect on flow rate (increase or decrease).
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Abstract
An eaves is a roof extension that can protect the indoor environment from direct solar radiation, the exterior
facade from wetting of by wind-driven rain and can be useful to enhance cross-ventilation. This paper evaluates
the impact of eaves configuration on wind-driven cross-ventilation of a generic leeward sawtooth roof building.
Both the type of eaves (windward versus leeward) and the eaves inclination angles are investigated. Isothermal
Computational Fluid Dynamics (CFD) simulations are performed using the 3D steady Reynolds-Averaged
Navier-Stokes (RANS) approach. A grid-sensitivity analysis is performed and validation of the CFD results is
conducted based on wind-tunnel measurements with Particle Image Velocimetry from literature. The ventilation
evaluation is based on the volume flow rates and the indoor mean velocities. The eaves length is 1/4 of the
building depth and the inclination is varied between 90° to -45° for both the windward and leeward eaves. The
results show that windward eaves with an inclination of 27° (equal to roof inclination) result in the highest
increase of the volume flow rate (15%) compared to the building without eaves. Furthermore, the flow through
the occupied zone is more horizontally directed. Leeward eaves have a smaller influence on the ventilation
volume flow rate than windward eaves; the maximum increase in volume flow rate is only 6% when a 90°
inclination is employed. Application of both (windward and leeward eaves) results in an increase of the volume
flow rate of 24%, which is 3% more than the sum of the increases by the two eaves separately.
Keywords: Computational Fluid Dynamics (CFD); Urban physics; Leeward sawtooth-roof geometry; Natural
upward cross-ventilation; Eaves configuration; Building envelope optimization.
1

Introduction

An eaves is a roof overhang which can be seen as a multi-purpose building component. As an extension of the
roof construction, it can protect the building from solar radiation and wind-driven rain. As a result, eaves are
commonly used in tropical climates. The solar shading that is provided by eaves can reduce the energy
consumption for cooling significantly. Depending on the building, climate and other factors, this reduction can
range from 5.3% [1] to higher than 10% [2,3]. In addition to their known effects on solar radiation and winddriven rain, eaves can be employed to increase cross-ventilation flow (e.g. [4]).
Several studies focused on the effects of eaves (e.g. [5–7]) and parapets (vertical extension on a roof top) (e.g.
[8,9]) on wind loads. Other studies evaluated the protection from wind-driven rain (e.g. [10]), snow loads (e.g.
[11,12]) and the influence of eaves on convective heat transfer in a roof (e.g. [13]). The majority of the studies
focusing on wind loads highlighted the potential of eaves and parapets to reduce the underpressure near the roof
edges, where flow separation occurs.
Regarding the potential of eaves to reduce the heat gains due to solar radiation some studies analyzed the
shading effects of eaves in for example high-rise residential buildings (e.g. [1]), and school buildings (e.g. [4]).
However, to the best of our knowledge, only two studies focused on the impact of eaves on the ventilation flow
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(e.g. [14,15]). Kindangen [14,15] performed Computational Fluid Dynamics (CFD) simulations and observed
that in buildings with symmetric opening locations (inlet and outlet openings located at the same height) the use
of eaves can increase the cross-ventilation flow rate. Unfortunately, the cases in these studies combined the
effect of the eaves with other parameters such as the roof inclination angle, roof shape, roof height and roof
orientation, which makes it difficult to isolate the impact of the eaves on the ventilation flow from the impact of
other parameters. Furthermore, these studies only considered the impact of eaves with a 0° inclination
(horizontal eaves).
There is a clear lack of research on the impact of the eaves configuration (both eaves at the windward and the
leeward side of the building) on wind-driven cross-ventilation. This holds particularly for leeward sawtooth roof
buildings. In previous studies by the authors [16,17], the impact of the roof inclination angle [16] and the roof
shape [17] on cross-ventilation of leeward sawtooth roof buildings were assessed. The present study builds
further on these achievements by reporting a detailed and systematic study on the impact of both windward and
leeward eaves on wind-driven upward cross-ventilation of a leeward sawtooth roof building. The study is based
on isothermal CFD simulations with the 3D steady Reynolds-Averaged Navier-Stokes (RANS) approach. The
performance of each eaves configuration (windward, leeward or the combination of both) is evaluated based on
the volume flow rate through the building and the mean air velocity ratios in the occupied zone, measured at four
different heights: h = 0.1 m, 0.6 m, 1.1 m and 1.7 m, which are considered as reference for the evaluation of
thermal comfort conditions of a seated or standing person, at a steady-state and moderate environment, i.e. where
the environmental conditions are close to the thermal comfort standards proposed by ISO 7730/2005 [18]. As
mentioned above, the results presented in this paper are part of a large research project on the enhancement of
wind-driven cross-ventilation of residential buildings by adjusting the roof geometry. For the sake of brevity and
to enable a detailed assessment of the flow behavior in and around the building resulting from the addition of
eaves, this paper will only focus on this part of the results obtained in this larger research project.
In the past 50 years, CFD has been increasingly developed and applied as a powerful assessment tool in urban
physics and wind engineering [19-23], including natural ventilation in buildings [24-28]. While Large Eddy
Simulation (LES) is intrinsically superior to steady RANS simulations, due to the higher computational cost and
increased model complexity of LES, a detailed review of the literature [19] shows that RANS simulations still
constitute the most frequently used computational approach in urban physics and wind engineering, especially in
natural ventilation studies [22,24,26-28].
The paper is structured as follows. The building geometry of the reference case is presented in Section 2. Section
3 presents a brief overview of the CFD validation study using wind-tunnel experiments from literature. The
computational settings and parameters for the current study are presented in Section 4. The CFD simulation
results of the different eaves configurations are analyzed for a windward eaves and subsequently for a leeward
eave, the results of which are outlined in Section 5. Section 6 shows the effect of the simultaneous application of
both a windward eaves and a leeward eave. Discussion and conclusions are given in Sections 7 and 8,
respectively.
2

Building geometry: reference case (geometry A)

Figure 1 shows the front view (Fig. 1a) and vertical cross-section (Fig. 1b) with the building dimensions, and a
perspective view (windward and leeward facade) of the leeward sawtooth roof geometry A (Fig. 1c,d). Leeward
sawtooth roof geometry A has a straight upward sloping roof and is selected for this sensitivity analysis as a
reference case since it reached the highest volume flow rate compared to other leeward sawtooth roof geometries
in a previously published paper by the authors [17]. The building dimensions are 3 x 6 x 5.7 m3 (W x L x H).
Both ventilation openings are 0.9 x 0.63 m2 (W x H); the bottom of the windward opening is located at z = 1.42
m, whereas the bottom of the leeward opening is located at z = 4.6 m. The distance from the window to the side
walls is 1.05 m on both sides. The thickness of the walls is 0.23 m, and the windward facade has a height of 3.55
m.
3

CFD simulations: validation study

When performing CFD simulations based on the 3D steady RANS equations, validation is obligatory to
determine the accuracy and reliability of the results. The combination of the computational settings and
parameters that will be used in the current study have been validated by the authors in a recent publication [16].
Therefore, only a brief overview of the validation study is provided in this section.

3

3.1

Wind-tunnel experiment

The wind-tunnel measurements by Karava et al. [29] were used for CFD validation. Karava et al. [29] conducted
PIV measurements of wind-induced cross-ventilation for a generic isolated building model with symmetric and
asymmetric opening positions in the open-circuit atmospheric boundary layer wind tunnel at Concordia
University in Montreal, Canada. The dimensions of the 1:200 building model are 0.1 x 0.1 x 0.08 m3 (W x D x
H) at reduced scale (full-scale dimensions: 20 x 20 x 16 m3 (W x D x H)), as shown in Figure 2a and 2b. The
height of the openings is 0.018 m (3.6 m full scale), and the location and width of the openings were varied. For
this validation study, the building model with the inlet opening at the bottom of the windward facade (with the
center of the opening at h = 0.02 m), the outlet opening at the top of the opposite (leeward) facade (with the
center of the opening at h = 0.06 m), and with a wall porosity of 10%, was used. The choice of these asymmetric
opening positions resembles the situation of the reference case (Fig. 1). The reduced-scale aerodynamic
roughness length in the experiments was z0 = 0.025 mm corresponding to 0.005 m in full scale [30]. A reference
mean wind speed Uref = 6.97 m/s and a reference turbulence intensity of 10% were measured at building height
(zref = H). The turbulence intensity was about 17% near ground level (0.012 m) and 5% at gradient height (0.738
m). The PIV measurements were conducted in a horizontal plane at mid-height (h = 0.04 m) and in the vertical
plane of symmetry (Fig. 2b); the latter will be used in this study. For more information related to the wind-tunnel
experiments the reader is referred to [29].
3.2

CFD simulations and validation

The computational domain follows the best practice guidelines by Franke et al. [31] and Tominaga et al. [32],
apart from the upstream length, which is reduced to 3 times the height of the building to limit the development of
unintended streamwise gradients [33-35]. The dimensions of the domain are 0.9 x 1.54 x 0.48 m3 (W x D x H)
(scale 1:200, equal to the wind-tunnel experiment) (Fig. 2c). The computational grid is created using the surfacegrid extrusion technique by van Hooff and Blocken [27] and is shown in Figure 2d and 2e (windward and
leeward facade view, respectively). The grid resolution resulted from a grid-sensitivity analysis yielding a fully
structured hexahedral grid with 770,540 cells. At the inlet of the domain, the vertical approach-flow profiles of
mean wind speed U, turbulent kinetic energy k and specific dissipation rate ω are imposed. These are based on
the measured incident profiles of mean wind speed U and longitudinal turbulence intensity IU. More information
on the boundary conditions can be found in Ref. [16]. The commercial CFD code ANSYS Fluent 12 is used to
perform the simulations [36]. The 3D steady RANS equations are solved in combination with the shear-stress
transport k-ω model (SST k-ω) [37]. The SIMPLE algorithm is used for pressure-velocity coupling, pressure
interpolation is second order and second-order discretization schemes are used for both the convection terms and
the viscous terms of the governing equations.
3.3

Validation

Figure 3a and 3b display the mean velocity vector field in the vertical center plane as obtained by PIV
measurements and CFD simulations, respectively. It is observed that the CFD simulations correctly predict the
most important flow features such as the standing vortex upstream of the building and specific character of the
flow pattern inside the building, with a strong downflow near the inlet opening up to the downstream wall,
followed by a strong upflow along this wall, finally leading to an oblique upward flow through the outlet
opening. Figure 3c and 3d compare the measured and computed streamwise wind speed ratio U/Uref along a
horizontal line going through the middle of the windward opening and along a diagonal line, showing a good
agreement between CFD simulation and PIV experiments.
Although the geometry of the building in the wind-tunnel measurements (Fig. 2) and that of the reference
building in the present study (Fig. 1) are not identical, there is a sufficient amount of similarity to consider this
validation approach applicable for the leeward sawtooth roof reference building: both buildings are isolated, both
have only one internal zone, both have two asymmetric openings (lower one in the windward facade and upper
one in the leeward) and both are exposed to wind direction perpendicular to the facade with the lower opening.
As a result, the salient flow features in the wind-tunnel building will also be present in the reference building.
4

CFD simulations of different eaves geometries: computational settings and parameters

In this section the computational model and grid, boundary conditions and solver settings of the CFD model are
presented. This CFD model will be employed for the study of the impact of windward and leeward eaves and
their inclination angle.
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4.1

Computational geometry, domain and grid

The geometry of the computational model of the reference case (leeward sawtooth roof geometry A) is as
presented in Section 2 and Figure 1. The computational domain follows the best practice guidelines by Franke et
al. [31] and Tominaga et al. [32], apart from the upstream length, which is reduced to 3 times the height of the
building to limit the development of unintended streamwise gradients [33-35] (Fig. 4a). The computational grid
is created using the surface-grid extrusion technique by van Hooff and Blocken [27] and is shown in Figure 2d
and 2e. This technique allows full control over the quality (size, shape) of every grid cell was successfully used
in previous studies for simple and more complex building geometries (e.g.[16,17,24,27,28,38,39]). Figure 4
shows the dimensions of the computational domain, a perspective view of the grid on the building and ground
surface and perspective views of the grid on the building surfaces (front and back view) for the reference case
building (Geometry A). The grid resolution is based on the grid-sensitivity analysis presented in Peren et al. [17].
The total number of cells is 1,961,524 cells for the reference case, and it varies for each configuration due to the
inclusion of the windward and/or leeward eaves, ranging from 1.9 to 2.4 million cells.
4.2

Boundary conditions

At the inlet of the domain, vertical profiles of the mean wind speed U, turbulent kinetic energy (k) and specific
dissipation rate (ω) are imposed. The wind direction is perpendicular to the windward building facade. The mean
wind speed profile is given by the logarithmic law (Eq. 1):
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u *ABL
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ln 

with z0 = 0.1 m, u*ABL is the atmospheric boundary layer (ABL) friction velocity, κ is the von Karman constant
(0.42) and z the height coordinate. The value of u*ABL is determined based on the values of the reference velocity
(Uref) at building height (zref = H), which are Uref = 12.48 m/s, and H = 5.7 m, yielding a building Reynolds
number of 500,000. To represent a more realistic wind velocity profile, corresponding to “roughly open country”
according to the updated Davenport roughness classification by Wieringa [40], the aerodynamic roughness
length is higher than in the validation study. The turbulent kinetic energy k is calculated from the mean wind
speed U(z) and the streamwise turbulence intensity Iu(z) (with a value of 15% at the top of the building model (at
zref) and 45% at ground level) using Eq. (2):

k ( z)  a( IU  z  U ( z))

2
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In this equation, Iu is the measured streamwise turbulence intensity and “a” is a parameter ranging from 0.5 to
1.5 [24,32]. The value a = 0.5 is used, as in the validation study. The specific dissipation rate ω is given by Eq.
(3), where Cµ is an empirical constant taken equal to 0.09, and the turbulence dissipation rate ε is given by Eq.
(4).
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At the ground and building surfaces, the standard wall functions by Launder and Spalding [41] are used in
conjunction with the sand-grain based roughness (ks) modification defined by Cebeci and Bradshaw [42]. For the
ground surfaces, the values of the roughness parameters, i.e. the sand-grain roughness height (ks = 0.14 m) and
the roughness constant (Cs = 7), are determined by their the relationship with the aerodynamic roughness length
z0 derived by Blocken et al. [33]:

kS 

(9.793z0 )

(5)

CS
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For the building surface the value of the sand-grain roughness height is zero (kS = 0 m). At the outlet plane, zero
static gauge pressure is applied and at the top and lateral sides of the domain a symmetry condition is imposed,
i.e. zero normal velocity and zero normal gradients of all variables.
As recommended by Blocken et al. [33,34], a simulation in an empty computational domain is performed to
assess the extent of unintended streamwise gradients (i.e. horizontal inhomogeneity) in the vertical mean wind
speed profile and the turbulence profiles. Figure 5 shows the profiles of U, k and ω at the inlet (inlet profiles) and
at the location where the building will be positioned (incident profiles). It can be seen that streamwise gradients
are absent for the mean wind speed profile. The profiles of k and ω do show some streamwise gradients,
however, these are relatively limited.
4.3

Solver settings

The commercial CFD code ANSYS Fluent 12 [36] is used to perform the isothermal simulations. The 3D steady
RANS equations are solved in combination with the shear-stress transport k-ω model (SST k-ω model) [37]. The
SIMPLE algorithm is used for pressure-velocity coupling, pressure interpolation is second order and secondorder discretization schemes are used for both the convection terms and the viscous terms of the governing
equations. Convergence is assumed to be obtained when all the scaled residuals level off and reach a minimum
of 10-6 for x, y momentum, 10-5 for z momentum and 10-4 for k, ε and continuity. As also observed by Ramponi
and Blocken [24], the simulations show oscillatory convergence. To obtain a reliable steady value of the solution
variables, the results are monitored over 10,400 iterations and the variables are calculated by averaging over 400
iterations (10,000-10,400), after the simulation reached a statistically stationary solution.
5

CFD simulations of different eaves geometries: results

The windward and the leeward eaves are added to the reference case, as shown in Figure 6. The effect of the
windward and leeward eaves on the ventilation, for a normal wind incidence angle (φ = 0°) are studied
independently from each other. The ventilation performance of the eaves cases is assessed based on the volume
flow rate through the building and the average non-dimensional velocity magnitude (|V|/Uref) along four
horizontal lines at four different heights (h) from the ground floor; i.e. h = 0.1 m, 0.6 m, 1.1 m, and 1.7 m.
Furthermore, the airflow pattern around and inside the building is analyzed.
The cases are designated as “A”, referring to the reference case A, followed by the word “WindEav” or
“LeeEav”, referring to windward eaves or leeward eaves, respectively. The number following “Eav” is related to
the inclination angle of the eaves (-45°, -27°, 0°, 27°, 45°, 90°). The negative or positive sign indicates an eaves
rotation downwards or upwards with respect to the horizontal position (Fig. 6b). All the studied windward and
leeward eaves building cases have the same internal volume, the same inlet and outlet opening size, and the same
inlet and outlet opening location.
5.1
5.1.1

Impact of windward eaves on ventilation
Volume flow rate

Figure 7a shows that the windward eaves configuration has a significant impact on the volume flow rate.
Windward eaves with inclination angles lower than 0° increase the volume flow rate compared to the reference
case. For instance, windward eaves with the same inclination angle as the roof (-27°; A_WindEav-27) increase
the volume flow rate by 15%. For case A_WindEav-45 (-45°), this increase is 8%. However, windward eaves
with inclination angles higher than 0° decrease the volume flow rate; windward eaves with an angle of 90°
(A_WindEav90) have the worst performance (84%) and windward eaves with an angle of 45° (A_WindEav45)
result in a decrease of the volume flow rate to 90% (10% decrease). These results indicate that large parapets
located at the lower part of the roof, as is the case for the windward eaves configuration with an angle of 90°
(A_WindEav90), should be avoided from a ventilation point of view. Note that eaves with an angle of 0°
(A_WindEav0), i.e. horizontal eaves, result in a volume flow rate which is almost equal (99%) to the situation
without eaves.
5.1.2

Air velocity

The impact of windward eaves on the non-dimensional velocity magnitude (|V|/Uref) along four horizontal lines,
located at a height of h = 0.1 m, 0.6 m, 1.1 m and 1.7 m from the internal floor (see Fig. 7b), is shown in Figure
6

7c-f, by comparing the case with the highest volume flow rate (A_WindEav-27) with the reference case (A). The
non-dimensional velocity magnitude in case A_WindEav-27 is increased in the higher level of the occupancy
zone (i.e., at h = 0.6 m, 1.1 m and 1.7 m), in almost the whole internal region. For example, Figure 7d shows that
the velocity magnitude increases over the last part of the horizontal centerline (from 0.5 < x/D < 1.0). Figure 7e
and 7f clearly indicate that the indoor mean velocity is higher along the horizontal centerline at h = 1.1 m and at
h = 1.7 m in the occupied zone. On the other hand, Figure 7c shows that the indoor mean velocity at h = 0.1 m is
lower than in the reference case (A).
5.1.3

Airflow pattern

To provide a more elaborate analysis of the effect of the eaves configuration on the flow pattern around and
inside the building, Figures 8 and 9 show contours of the pressure coefficient (CP) and non-dimensional velocity
magnitude (|V|/Uref) for all cases. The pressure coefficient CP is calculated as follows:

CP 

( P  P0 )
(0.5U ref 2 )

(6)

where P is the static pressure, P0 the reference static pressure, ρ the density of air (= 1.225 kg/m3: International
Standard Atmosphere (ISA); dry air, θa = 15°C, p0 = 101,325 Pa [43]), and Uref is the approach-flow wind speed
at building height (Uref = 12.48 m/s at zref = 5.7 m).
Figures 8 shows that windward eaves with inclination angles higher than 0° increase the overpressure in front of
the building but that they decrease the (absolute value of the) underpressure behind the building. The net result is
the lower airflow rate shown in Figure 7a. The static pressure increase in front of the building is caused by the
larger blockage of the flow by the building with eaves [34, 44-46]. The decrease of the absolute value of the
static pressure behind the building is due to the changed flow separation. Indeed, due to the presence of the
eaves, the flow separates at the top of these eaves, and seems to not reattach anymore to the roof, or only near the
end of the roof. Figure 8 also shows that the direction of the jet entering the building is not significantly
influenced by the presence of windward eaves.
Figure 9 shows that windward eaves with inclination angles lower than 0° decrease the overpressure in front of
the building, while the (absolute value of the) underpressure behind the building remains approximately the
same. The net result is that the magnitude of the pressure difference over the building decreases. At first sight,
this should lead to a decrease of the flow rate through the building. However, the simulation results in Figure 7a
show an increase. The reason for this is the direction of the flow through the inlet opening. Figures 9d and 9f
clearly show that the inlet jet has a more horizontal direction. This leads to a large effective opening area, or, in
other words, a larger discharge coefficient. The changed direction of the inlet jet is the direct result of the altered
static pressure distribution in front of the building. As can be seen in Figures 9c and 9e, this distribution is more
equal above and below the opening than in Figure 8a.
5.2
5.2.1

Impact of leeward eaves on ventilation
Volume flow rate

Leeward eaves have a smaller impact on the volume flow rate than windward eaves, as can be seen by
comparing Figure 7a with Figure 10a. Leeward eaves with an inclination angle of 45° (A_LeeEav45) and 90°
(A_LeeEav90) result in an increase of the volume flow rate with 5% and 6% compared to the reference case,
respectively. However, leeward eaves with an inclination angle of 0° (A_LeeEav0) and -45° (A_LeeEav-45)
result in a decrease of the volume flow rate with 8% and 9%, respectively. The leeward eaves with an inclination
angle equal to that of the roof (A_LeeEav27) results in a volume flow rate that is equal to that of the reference
case. These results show that interferences or blocking objects near the outlet opening in the wake of the building
should be avoided. In other words, leeward eaves with angles smaller than the roof angle should not be applied.
Moreover, leeward eaves with inclination angles higher than the roof angle (27°) are recommended to increase
the volume flow rate.
5.2.2

Air velocity

Figure 10c-f shows a comparison of the non-dimensional velocity magnitude (|V|/Uref) inside the building
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between case A_LeeEav90, which is the case with the highest volume flow rate, and the reference case. It can be
seen that the influence of a leeward eaves is smaller than of a windward eaves; however, there is still a clear
impact on the mean indoor air velocities. The leeward eaves (A_LeeEav90) increases the indoor velocity mainly
in the lower part of the occupied zone (i.e. at h = 0.6 m; Fig. 10d). Figure 10e-f shows that the velocities in the
upper part of the enclosure are nearly equal to those in the reference case.
5.2.3

Airflow pattern

Figures 11 and 12 show contours of the pressure coefficient (CP) and non-dimensional velocity magnitude
(|V|/Uref) for all cases. Figure 11 shows that leeward eaves with inclination angles higher than the roof slope have
little effect on the overpressure in front of the building but that they increase the (absolute value of the)
underpressure behind the building. The net result is the higher airflow rate as shown in Figure 10a. The increase
of the absolute value of the static pressure behind the building is due to the changed flow separation. Indeed, due
to the presence of the eaves, the flow separates at the top of these eaves, and this yields a larger wake with
stronger underpressure. Figure 11 also shows that the direction of the jet entering the building is not significantly
influenced by the presence of these leeward eaves.
Figure 12 shows that leeward eaves with inclination angles lower than the roof slope also have little effect on the
overpressure in front of the building, but that they decrease the (absolute value of the) underpressure behind the
building remains. The net result is the lower airflow rate shown in Figure 10a. Figure 12 also shows that the
direction of the jet entering the building is not significantly influenced by the presence of the leeward eaves.
6

Combination of windward and leeward eaves

Figure 13 shows the volume flow rates for case A (reference case) and for the two cases selected to evaluate the
coupled effect of windward and leeward eaves: A_WindEav-27_LeeEav27 and A_WindEav-27_LeeEav90.
These two cases combine windward eaves with an inclination angle of -27° (A_WindEav-27), which showed the
best performance in Section 5.1, with two different leeward eaves configurations: (a) A_LeeEav27 and, (b)
A_LeeEav90. The former has the same inclination angle as the roof; i.e. 27°, while the latter is the best leeward
eaves configuration, as presented in Section 5.2. Note that the aim of this study is to maximize the volume flow
rate through a naturally ventilated building. Therefore, possible combinations of other windward and leeward
eaves angles have not been analyzed, since the individual performance of other windward and leeward eaves
inclination angles is inferior to that of aforementioned angles. Figure 13 shows the increase in the volume flow
rate obtained by the coupled effect of windward and leeward eaves. From the two cases analyzed, A_WindEav27_LeeEav90 yields the highest increase, with a 24% higher volume flow rate compared to the reference case
(A). It shows that the coupled effect of the windward and the leeward eaves for case A_WindEav-27_LeeEav90
increases the volume flow rate by an additional 3% compared to the sum of the isolated increases; i.e. 15% for
A_WindEav-27 and 6% for A_LeeEav90. The A_WindEav-27_LeeEav27 case results in the same increase of
the volume flow rate as in the isolated case A_WindEav-27, which can be explained by the fact that the volume
flow rate did not increase for A_LeeEav27 (see Section 5.2.1).
Figure 14 displays the pressure coefficient CP and the non-dimensional velocity magnitude (|V|/Uref) inside and
around the building for the reference case and the cases A_WindEav-27_LeeEav90 and A_WindEav27_LeeEav27. Figure 14a,c,e shows that the size and magnitude of the underpressure zone are clearly highest for
the case A_WindEav-27_LeeEav90. Figure 14d and 14f again show that for the cases A_WindEav27_LeeEav27 and A_WindEav-27_LeeEav90 the incoming stream flow follows a more horizontal direction
compared to the reference case (Fig. 14b), contributing to a higher airflow rate.
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Discussion

The main goal of this study on upward wind-driven cross-ventilation is to evaluate the impact of the eaves
configuration for a normal wind incidence angle (φ = 0°). First, five windward eaves configurations are
evaluated, followed by five leeward eaves configurations. Finally, two cases that have both windward and
leeward eaves (A_WindEav-27_LeeEav27, A_WindEav-27_LeeEav90) are analyzed to study the combined
effect. It is important to mention the limitations of the current study, which should be addressed in future studies:
 Surrounding buildings can have a large influence on the ventilation flow through the building.
Therefore, the impact of surrounding buildings needs to be assessed in future work.
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 Temperature effects (buoyancy) can alter the flow pattern in and around the building, especially when
low wind velocities are present. Future studies can focus on the combined effects of wind and buoyancy
on the ventilation flow in the building.
 This study focuses on a normal wind incidence angle (φ = 0°). The impact of wind incidence angles
different than 0° should be considered as well, since this can influence the ventilation performance of
the different eaves configurations. For more oblique wind incidence angles it might be necessary to
resort to unsteady simulations, such as Large Eddy Simulations (LES) or Detached Eddy Simulation
(DES), to accurately predict the transient flow features around the building in general and near the
openings in particular, and thus to obtain accurate volume flow rates (e.g. [47,48]).
 Future studies can include other effects of windward and leeward eaves, e.g. the protection of the
building interior and exterior from wind-driven rain and solar shading, to provide an integral analysis of
the application of eaves to buildings.
8

Conclusions

This paper presents numerical simulations to study the impact of windward and leeward eaves on the winddriven cross-ventilation flow in a generic isolated leeward sawtooth roof building. The study is performed by
isothermal CFD simulations with the 3D steady RANS approach and the SST k-ω turbulence model. The
computational grid is based on a grid-sensitivity analysis and the computational model is validated using Particle
Image Velocimetry (PIV) wind-tunnel measurements from literature. The main conclusions of this paper are:
 Windward eaves with inclination angles lower than 0° increase the volume flow rate compared to the
reference case. The largest increase is obtained when a windward eaves with an inclination angle of 27° (A_WindEav-27) is applied: +15%. On the other hand, windward eaves with inclination angles
higher than 0° decrease the volume flow rate with up to 16% for A_WindEav90. A horizontal eaves (0°
inclination) results in a volume flow rate which is almost equal to the reference case.
 The jet flow that enters the building is more horizontally directed when windward eaves are applied
with inclination angles lower than 0°. The different direction is the result of an altered distribution of
the static pressure above and below the inlet opening. For a given pressure difference between
windward and leeward facade, the more horizontal direction leads to a higher volume flow rate.
 Application of leeward eaves with an inclination angle of 45° (A_LeeEav45) and 90° (A_LeeEav90)
results in an increase of the volume flow rate with 5% and 6%, respectively. Leeward eaves with an
inclination angle of 0° (A_LeeEav0) and -45° (A_LeeEav-45) result in a decrease of the volume flow
rate with 8% and 9%, respectively. A leeward eaves with an inclination angle of 27° results in the same
volume flow rate as in the reference case.
 Interferences or blocking objects near the outlet opening, in the wake of the building, should be
avoided. In other words, leeward eaves with angles smaller than the roof angle should not be applied.
Moreover, leeward eaves with inclination angles higher than the roof angle (27°) are recommended to
increase the volume flow rate.
 In general, to improve the volume flow rate in the studied low-rise leeward sawtooth roof building, the
windward eaves inclination angle must be lower than 0°, such as -27° or -45°, and the inclination of the
leeward eaves must be higher than 27°, for instance 45° or 90°. The coupled effect of the eaves
(windward and leeward eaves working together) can be larger than the individual effects: applying the
best performing windward and leeward eaves simultaneously (i.e. A_WindEav-27_LeeEav90) can
increase the volume flow rate with an additional 3% compared to the sum of the two individual effects.
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FIGURE

Fig. 1. Overview of geometry of the reference case (geometry A) (dimensions in meters). (a) Front view (windward facade)
with opening size and dimensions. (b) Vertical cross-section with opening size and dimensions. Perspective views: (c)
windward facade (d) leeward facade.
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Fig. 2. (a) Vertical cross-section of the reduced-scaled building model as studied by Karava et al. [29] with opening size and
dimensions (in meters). (b) Perspective view indicating the measurement plane with dimensions (in meters). (c) Perspective
view of the building in its computational domain. (d,e) Perspective close-up view of the grid (770,540 cells) on the building
surface and part of the ground: (d) windward facade; (e) leeward facade.
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Fig. 3. (a,b) Comparison of the mean velocity in the vertical center plane obtained from: (a) PIV measurements (processed
from [29]; (b) CFD simulations. (c,d) Streamwise wind speed ratio U/Uref from PIV measurements and CFD simulations
along: (c) horizontal line; and (d) diagonal line [16].

Fig. 4. (a) Perspective view of the reference case building (geometry A) in its computational domain at model scale. (b,c,d)
Perspective view of the grid (geometry A) (total number of cells: 1,961,524 cells); (b) View of the computational grid on the
building surfaces and on the ground surface; (c) View of the leeward facade (outlet opening); (d) View of the windward
facade (inlet opening).
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Fig. 5. Horizontal homogeneity analysis: Profiles of the mean wind speed (U), the turbulent kinetic energy (k) and the
specific dissipation rate (ω) at the inlet (dotted line) and at the building position (solid line) in an empty domain. The height
of the model (zref = H) is 5.7 m [17].

Fig. 6. (a) Vertical cross-section of the reference case (geometry A). (b) Vertical cross-section with schematic indication of
the windward and leeward eaves configuration cases. The length of the eaves is 1/4D.
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Fig. 7. (a) Impact of the windward eave inclination angle on the volume flow rate under normal wind incidence angle; (b)
Eaves configurations and location of the four horizontal lines. (c-f) Non-dimensional velocity magnitude (|V|/Uref) for cases
A and A_WindEav-27 along four horizontal lines at a height h above the floor: (c) h = 0.1 m. (d) h = 0.6 m. (e) h = 1.1 m (f)
h = 1.7 m. The dashed vertical lines indicate the inner surface of the walls at the windward and leeward side of the building.
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Fig. 8. Contour plot of the pressure coefficient CP. (a,c,e) and the non-dimensional velocity magnitude (|V|/Uref) (b,d,f) in the
vertical center plane for the reference case and for two windward eave geometries: A_WindEav90 and A_WindEav45.

Fig. 9. Contour plot of the pressure coefficient CP. (a,c,e) and the non-dimensional velocity magnitude (|V|/Uref) (b,d,f) in the
vertical center plane for three windward eave geometries: A_WindEav0, A_WindEav-27 and A_WindEav-45.
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Fig. 10. (a) Impact of the leeward eave inclination angle on the volume flow rate under normal wind incidence angle; Nondimensional velocity magnitude (|V|/Uref) along four horizontal lines at a height h above the floor. (b) Location of the four
lines. (c) h = 0.1 m. (d) h = 0.6 m. (e) h = 1.1 m (f) h = 1.7 m. The dashed vertical lines indicate the inner surface of the walls
at the windward and leeward side of the building.
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Fig. 11. Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional velocity magnitude (|V|/Uref) (b,d,f) in the
vertical center plane for the reference case and for two leeward eave geometries: A_LeeEav90 and A_LeeEav45.

Fig. 12. Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional velocity magnitude (|V|/Uref) (b,d,f) in the
vertical center plane for tree leeward eave geometries: A_LeeEav27, A_LeeEav0 and A_LeeEav45.
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Fig. 13. Influence of the combination of windward and leeward eaves (A_WindEav-27_LeeEav27 and A_WindEav27_LeeEav90) on the volume flow rate.

Fig. 14. Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional velocity magnitude (|V|/Uref) (b,d,f) in
the vertical center plane for the reference case and for A_WindEav-27_LeeEav27 and A_WindEav-27_LeeEav90.
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