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A B S T R A C T   

We deploy a fully coupled thermo-fluidic finite element approach to simulating natural ventilation in a sus
tainably designed building with complex geometry. The ‘interlock house’ uses building design for climate control 
instead of mechanical means (such as air conditioning). Therefore, accurately modeling the natural ventilation 
flows is crucial to assess thermal comfort in such designs. A residual-based variational multiscale method (VMS) 
is employed, which is a Large Eddy Simulation (LES) type approach to turbulence modeling. The VMS formu
lation is further augmented with a weakly enforced boundary condition method to efficiently resolve the effect of 
boundary layers. We validate the framework using a canonical Rayleigh Bénard convection problem across 
different flow regimes. We deploy the framework to analyze thermal flows in the house under two natural 
ventilation configurations characterized by window opening strategies. Mesh convergence study using one of the 
configurations is performed to verify the framework. Comparisons of the flow fields and temperature distribu
tions between the two scenarios are discussed. Air diffusion performance index (ADPI) and predicted mean vote 
(PMV) are computed to investigate thermal comfort in both configurations. This work illustrates the ability of the 
framework to comprehensively model and predict natural ventilation under various operating scenarios.   

1. Introduction 

According to the U.S. Energy Information Administration (EIA), 
buildings account for approximately 40% of the total U.S. energy con
sumption [1]. Thus, any incremental improvements in energy efficiency 
of buildings would play a significant role on the overall U.S. energy 
budget. Lower energy consumption also has many benefits to both 
human (health and economy) and environmental sustainability. 
Increasing interest has been drawn in understanding air ventilation and 
associated heat transfer in buildings in order to simultaneously increase 
the energy efficiency while maintaining indoor comfort. (Passive) nat
ural ventilation is a promising alternative for energy-efficient ventila
tion in buildings [2–7] as wind and thermal energy are free resources. It 
also has the advantage to improve indoor air quality by exchanging 
indoor and outdoor air. As a result, taking account of the effects and 
subsequent benefits of natural ventilation will significantly contribute to 
designing sustainable buildings at reduced energy costs, and to this end, 
a good understanding of its physics is crucial for an optimal use of these 

freely available but uncontrollable resources, while providing adequate 
indoor thermal comfort. 

As elaborated by Passe and Battaglia [8], the challenge for naturally 
ventilated building design is the direct interaction of spatial dimensions, 
program and use as well as opening design with respect to opening size. 
The flow path between the openings is as important as the under
standing of boundary conditions. Therefore effective natural ventilation 
cannot be added after the design; it has to be integrated into design 
decisions from the start of a project. Hence, prediction of the dynamics 
of natural ventilation strategies to provide required air change rate and 
cooling capacity is critical. Yet reliable, easy to use computational 
design tools which can integrate all these aspects and provide feasible 
control strategies across all seasons have been lacking. 

There has been increasing interest to model natural ventilation in 
buildings with a comprehensive review in Chen [9], who argues that 
computational fluid dynamics (CFD) is the most accurate and reliable 
modeling method. CFD is able to provide comprehensive flow and 
thermal information which is hard to predict by other methods. Since 
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indoor natural ventilation usually presents combined natural and forced 
convection, it requires a detailed understanding of interactions between 
thermal buoyancy and pressure effect on the airflow, which is further 
complicated by frequent fluctuations in thermal and (inlet) flow 
boundary conditions due to uncontrollable wind loads. Accurate 
modeling of coupled momentum and heat transport of flows in complex, 
enclosed domains is possible via CFD, as shown by a variety of efforts 
[10–20], as well as in some other associated simulations for building 
energy efficiency, such as thermal optimization of windows [21–24]. 

Indoor natural ventilation usually exhibits mixed laminar and tur
bulent flow regimes during building operation with localized turbulence 
especially near the inlet. The simulation result near the inlet strongly 
affects the solution accuracy of interior fields, and therefore it needs to 
be accurately computed. The most widely used CFD turbulent modeling, 
Reynolds-averaged Navier–Stokes (RANS), usually requires site-specific 
and application-specific models [25], and has been proven not to work 
properly for natural ventilation [26–31]. This is likely due to the fact 
that RANS-based approaches need a priori information of flow regimes to 
identify laminar, transition and turbulent flows in different localized 
regions, which is usually not available ahead of time. This limitation of 
RANS-based models results in their failure to reliably predict the 
boundary heat transfer coefficient (Nusselt number), which is a funda
mental parameter in investigating energy efficiency of buildings, across 
a wide range of flow conditions exhibited during building operation. In 
contrast, a more high-fidelity turbulent modeling based on Large Eddy 
Simulation (LES) is a promising alternative in accurately predicting 
thermal transport in enclosures. The LES model has been applied to 
natural convection in benchmark enclosure problems [32–35] with 
success, and later deployed in building simulations with accurate pre
diction of the effects of natural ventilation [36–38]. 

Motivated by the advantages of using LES in building simulations, we 
deploy a finite-element LES model based on the residual-based varia
tional multiscale (VMS) method augmented with weakly enforced 
Dirichlet boundary condition method for buoyancy-driven flows [39] in 
this work. The VMS approach, originally proposed in [40–42], resembles 
LES by using variational projections in place of the traditional filtered 
equations in LES and focuses on modeling the fine-scale equations. Note 
that the VMS method does not employ any eddy viscosity or eddy con
ductivity, and has been shown to reliably perform accurate flow con
dition agnostic (mixed laminar and turbulent) simulations. In addition, 
the main reason that deters the building community to utilize LES-based 
approaches is because of the increased grid resolutions compared with 
RANS models, especially close to the boundaries to resolve the boundary 
layers. The higher simulation complexity and larger computational cost 
using LES-based approaches are comprehensively analyzed and 
compared with RANS-based models by Blocken [43]. Despite the in
crease in availability and ease of access of high-performance computing 
resources alleviating the computational burden of LES-based ap
proaches, the reduction of overall computational efforts using these 
approaches is equally important to make them affordable and promising 
in building simulations. This is partially achieved by leveraging the 
weak imposition of Dirichlet boundary conditions, originally proposed 
in [44], which releases the point-wise no-slip flow condition and fixed 
thermal boundary condition at the Dirichlet boundaries and allows the 
flow velocity and temperature to vary on those boundaries by adding 
additional terms to ensure the accuracy of interior fluid fields. It results 
in substantial reduction in the mesh resolution required to resolve the 
steep gradients in flow and thermal boundary layers. The benefits of 
using weak imposition of boundary conditions for buoyancy-driven 
flows are detailed in [39]. The approach of VMS along with the weak 
imposition of boundary conditions has been successfully applied to 
many other engineering applications, and some recent works can be 
found in [45–50]. The main contribution of this work is to systematically 
deploy this approach to simulate a real-world, full-scale building with 
complex geometry and offer comprehensive insights into natural 
ventilation in this building. The case study building investigated here 

has been monitored for multiple years with an extensive data acquisition 
system and validated for human thermal comfort using the adaptive 
comfort model as presented by ASHRAE [51,52]. 

The rest of the paper is outlined as follows. In Section 2, we lay out 
the formulations of VMS method and weak imposition of Dirichlet 
boundary conditions for natural ventilation. Section 3 illustrates two 
different configuration designs of natural ventilation in this building and 
mesh generation of the complex geometry. Section 4 performs mesh 
convergence study and presents numerical results of the simulated 
building. Section 5 draws conclusions and motivates future work of in
door ventilation simulations. 

2. Variational multiscale and weak imposition of Dirichlet 
boundary condition formulations 

In this section, we present all the numerical ingredients in our 
thermo-fluidic framework. The framework is comprehensively validated 
using a canonical Rayleigh–Bénard convection problem, which is a well 
investigated system for buoyancy driven flows. Details of the validation 
are provided in the Appendix. 

2.1. Strong form of the continuous problem 

The conservation laws of mass, momentum, and energy of incom
pressible flows may be written on a spatial domain Ω⊂R3, with 
boundary Γ as 

∂u
∂t

+ u⋅∇u = −
1
ρ ∇p + ν∇2u + f (1)  

∇⋅u = 0, (2)  

∂T
∂t

+ u⋅∇T = α∇2T, (3)  

where u is the velocity, ρ is the fluid density, p is the pressure, ν is the 
kinetic viscosity, T is the temperature, f is the forcing function, and α is 
the thermal diffusivity. Under normal operating conditions, the Bous
sinesq approximation is a reasonable assumption. This approximates the 
thermal force in the momentum equation, f, as a function of only T, and 
is modeled as f(T) = −ĝ β(T − Tr)êg , where ĝ is the gravitational ac
celeration magnitude, êg is the unit vector pointing in the direction of 
gravity, β is the thermal expansion, and Tr is the reference temperature. 

The Eqs. (1)–(3) are accompanied with specific boundary conditions, 
defined on Γ = ΓD ∪ ΓN with Dirichlet boundary ΓD = ΓD

u ∪ ΓD
T and 

Neumann boundary ΓN = ΓN
u ∪ ΓN

T : 

u = ug on ΓD
u , (4)  

T = Tg on ΓD
T , (5)  

−
p
ρ n + ν∇u⋅n = hu on ΓN

u , (6)  

− α∇T⋅n = hT on ΓN
T , (7)  

where ug and Tg denote the prescribed velocity and temperature at the 
Dirichlet boundaries ΓD

u and ΓD
T , respectively, hu and hT are the traction 

vector and heat flux at the Neumann boundaries ΓN
u and ΓN

T , respectively, 
and n is the unit outward wall-normal vector. 

2.2. Semi-discrete variational multiscale formulations 

We discretize the domain Ω into a collection of Nel disjoint elements 
each denoted by Ωe, such that Ω =

⋃Nel
e=1Ωe. Let V h be the discrete space 

of trial solutions of velocity, pressure and temperature {uh, ph, Th} sup
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ported on these elements. The superscript h denotes resolved coarse 
scales represented by the finite element discretization. The strong for
mulations (1)–(7) may be recast in a weak form and posed over this 
discrete space to produce the semi-discrete variational multiscale 
formulation for the natural ventilation problem: Find {uh, ph, Th} ∈ V

h 

such that ∀{wh,qh, lh} ∈ V h, 

BVMS({
wh, qh, lh}

,
{

uh, ph, Th})
− FVMS({

wh, qh, lh})
= 0, (8)  

where 

BVMS({
wh, qh, lh}

,
{

uh, ph, Th})

=

∫

Ω
wh⋅

(
∂uh

∂t
+ uh⋅∇uh

)

dΩ +

∫

Ω
∇wh : ν∇uh dΩ

−

∫

Ω

ph

ρ ∇⋅wh dΩ +

∫

Ω
qh∇⋅uh dΩ

+

∫

Ω
lh

(
∂Th

∂t
+ uh⋅∇Th

)

dΩ +

∫

Ω
∇lh⋅α∇Th dΩ

−
∑Nel

e=1

∫

Ωe

(
uh⋅∇wh + ∇qh)

⋅u′ dΩ −
∑Nel

e=1

∫

Ωe

(
uh⋅∇lh)

T ′ dΩ −
∑Nel

e=1

∫

Ωe

p′

ρ ∇⋅wh dΩ

+
∑Nel

e=1

∫

Ωe
wh⋅

(
u′⋅∇uh)

dΩ −
∑Nel

e=1

∫

Ωe
∇wh : (u′ ⊗ u′)dΩ

+
∑Nel

e=1

∫

Ωe
∇lh⋅αDC∇Th dΩ,

(9)  

and 

FVMS({
wh, qh, lh})

=

∫

Ω
wh⋅fh dΩ +

∫

ΓN
u

wh⋅hu dΓ +

∫

ΓN
T

lh hT dΓ. (10) 

The fine-scale velocity, pressure, and temperature fields {u′, p′, T′}

where the prime denotes the unresolved sub-scales of the discretization 
are modeled to be proportional to the coarse scale residuals of Eqs. (1)– 
(3), respectively, given by 

u′ = − τM

(
∂uh

∂t
+ uh⋅∇uh +

1
ρ ∇ph − ν∇2uh − fh

)

, (11)  

p′ = − τC∇⋅uh, (12)  

T ′ = − τE

(
∂Th

∂t
+ uh⋅∇Th − α∇2Th

)

. (13) 

The fifth and sixth lines in Eq. (9) incorporate the additional terms 
added onto the standard Galerkin form and can be interpreted as the 
combination of classical stabilization terms such as streamline-upwind/ 
Petrov–Galerkin (SUPG) and pressure-stabilizing/Petrov–Galerkin 
(PSPG) [53,54] and VMS turbulence modeling for the natural ventila
tion problem. Note that the VMS formulation of heat equation is 
simplified into a SUPG form. The stabilization parameters are defined as 

τM =

(
4

Δt2 + uh⋅Guh + CMν2G : G
)−1/2

, (14)  

τC = (τMtrG)
−1

, (15)  

τE =

(
4

Δt2 + uh⋅Guh + CEα2G : G
)−1/2

, (16)  

where Δt is the time-step size, CM and CE are positive constants that can 
be derived from element-wise inverse estimates [55,56]. In current 
simulations, the values of CM and CE are both specified as 3. G is a mesh- 
dependent quantity calculated by the mapping from the isoparametric 

element (ξ) to the physical element (x), 

Gij =
∑3

k=1

∂ξk

∂xi

∂ξk

∂xj
, (17)  

and trG is the trace of G. Finally, additional numerical stability is added 
to the Eq. (9) (in the last line) by introducing a discontinuity capturing 
term αDC. This term stabilizes the energy equation where sharp tem
perature gradients or discontinuities are present, and is defined as 

αDC = CDC

⃒
⃒Res

(
Th

)⃒
⃒

max

⎧
⎨

⎩

⃒
⃒
⃒
⃒
⃒
⃒
∇Th⋅G∇Th|

1
2, 10−15

⎫
⎬

⎭

, (18)  

where CDC is a constant which is set to 0.5 in current simulations, and 
Res(Th) is the coarse scale residual of Eq. (3). 

2.3. Weakly imposed Dirichlet boundary conditions 

Weak imposition of Dirichlet boundary conditions in the sense of 
Nitsche’s method [57] is adopted into the natural ventilation problem. 
Decomposing the domain boundary Γ into Neb surface elements each 
denoted by Γb, the semi-discrete formulation becomes 

BVMS({
wh, qh, lh}

,
{

uh, ph, Th})
− FVMS({

wh, qh, lh})
−

∑Neb

b=1

∫

Γb
⋂

ΓD
u

wh⋅
(

−
ph

ρ n + ν∇uh⋅n
)

dΓ −
∑Neb

b=1

∫

Γb
⋂

ΓD
T

lhα∇Th⋅ndΓ −
∑Neb

b=1

∫

Γb
⋂

ΓD
u

(

ν∇wh⋅n

+
qh

ρ n
)

⋅
(
uh − ug

)
dΓ −

∑Neb

b=1

∫

Γb
⋂

ΓD
T

α∇lh⋅n
(
Th

− Tg
)
dΓ −

∑Neb

b=1

∫

Γb
⋂

ΓD,−
u

wh⋅
(
uh⋅n

)(
uh − ug

)
dΓ −

∑Neb

b=1

∫

Γb
⋂

ΓD,−

T

lh(
uh⋅n

)(
Th

− Tg
)
dΓ +

∑Neb

b=1

∫

Γb
⋂

ΓD
u

τB
Mwh⋅

(
uh − ug

)
dΓ +

∑Neb

b=1

∫

Γb
⋂

ΓD
T

τB
Elh(

Th − Tg
)
dΓ

= 0,

(19)  

where ΓD,−
u and ΓD,−

T represent velocity and temperature Dirichlet 
boundaries with uh⋅n to be negative, respectively. The detailed inter
pretation of different terms in Eq. (19) can be found in [44,39]. The only 
parameters that need to be determined, τB

M and τB
E , are penalty-like sta

bilization parameters that help to satisfy Dirichlet boundary conditions 
and ensure the stability of the system. Following [44,39], we define τB

M =

CB
Mν/hB and τB

E = CB
Eα/hB, where hB is the wall-normal element size and 

CB
M and CB

E are positive constants that can be computed from an appro
priate element-wise inverse estimates [56]. The values of CB

M and CB
E are 

both specified as 4 in current simulations. 

3. Numerical implementation and problem design 

3.1. Temporal discretization and solving strategies 

To integrate the semi-discrete thermo-fluidic equations in time we 
employ the Generalized-α method, which was first introduced in [58] for 
structural dynamics and later extended to fluid dynamics in [59]. 
Generalized-α is an implicit, unconditionally stable, second-order 
method with control over high-frequency dissipation. The time step is 
chosen following CFL condition, and we make sure the CFL number is 
(roughly) less than 1 at each time step. We start to collect data after a 
quasi-steady state, and the time-averaged statistics of the solution are 
reported in Section 4. In addition, at each time step, the coupled 
nonlinear system is linearized using the Newton–Raphson method. At 
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each Newton–Raphson iteration, the linear system is solved iteratively 
using a Krylov subspace (KSP) type GMRES method [60,61] precondi
tioned with block Jacobi method. Note that we form the matrix directly 
from the complete VMS and weak imposition of boundary condition 
formulations without any special strategies to decouple the momentum 
and heat equations. Convergence criteria for both Newton–Raphson 
solver and GMRES solver are reasonably prescribed, and we ensure the 
solution is converged at each time step. 

3.2. Building geometry and configuration design 

The building with a modular design has a dimension of 11.82 m ×
5.29 m ×4.72 m in length (x axis), width (y axis), and height (z axis), 
respectively, as shown in Fig. 1. The origin of the coordinate system is 
placed at the bottom-left-front corner of the building. The building 
consists of three rooms that interlock together, i.e., (from right to left) 
kitchen, living room and bedroom. There are two windows located at the 
front wall (y = 0) on left (x = 1.82 m) and right (x = 8.82 m) side, 
respectively, at a height of 0.46 m, through which wind at ambient low 
temperature of T = 293 K comes into the building and cools the building 
at a initial high temperature at T0 = 303 K, and six clerestory windows 
located at back wall (y = 5.29 m) at a height of 3.69 m, through which 
indoor air exits the building. The front windows have the same dimen
sion of 0.73 m ×0.10 m, and the back windows have the same dimension 
of 1.47 m ×0.24 m. In this work, we construct two scenarios of natural 

ventilation in the building: Configuration 1 in which we only open the 
right front window as inlet, and Configuration 2 in which we open both 
front windows as inlet. In both configurations, we open all back win
dows as outlet. The boundary conditions are specified as follows. Ve
locity magnitude is prescribed to be uniform 2.0 m/s at inlets with 
direction normal to the inlet while traction-free condition is specified at 
the outlets. No-slip boundary condition is imposed at all walls. Tem
peratures at inlet and outlet are prescribed to be the same as ambient 
low temperature of 293 K. The building is assumed to be well insulated, 
and therefore adiabatic boundary condition is set at all walls. 

This problem setup results in a Reynolds number, Re = 7.1 × 105, 
scaled by the length in the y direction (since air flows into the building 
through this direction) and the inlet velocity, a Grashof number, Gr =

2.2 × 1011, scaled by the temperature differential to be 10 K, and a 
Prandtl number, Pr = 0.71. These dimensionless parameters indicate a 
turbulent flow regime near the inlet window, and yield a Richardson 
number, which measures the importance of natural convection relative 
to forced convection, Ri = 0.45, resulting in a mixed convection flow 
regime. 

3.3. Meshing strategy 

To mesh the interior domain of the building, the following meshing 
strategy is used. We first discretize the building surfaces into triangles, 
with local refinements at windows as we speculate that most physics will 
take place around windows (especially around the inlet). From the 
triangulated surface mesh, we grow a total of 10 layers of thin prismatic 
elements to resolve the boundary layers. Finally, we fill the rest of the 
domain with pure tetrahedral elements to achieve the building mesh 
with mixed element types. To clearly visualize the mesh, we plot the 
meshes on a planar slice that cuts through the interior and a zoom-in 
slice to emphasize the boundary layer meshes as shown in Fig. 2. It 
can be seen that the window boundaries have the most refinement, and 
we also create inside refinement regions around the windows, to both 
better capture the fluid mechanics and heat transfer in these areas, and 
allow a smooth mesh size transition from the most refined window 
boundaries to the interior region with relatively large element size. 

4. Results and discussion 

In this section, we present a mesh independence study first to verify 
the framework by investigating the temperature and velocity magnitude 
profiles near the inlet using Configuration 1, i.e., only with right front 
window open as inlet. Then we present detailed comparisons of the 

Fig. 2. Illustration of the finite element mesh in the fluid domain of the building: (a) a global view with a planar cut in x direction through the interior of the mesh; 
(b) a zoom-in slice to show the prismatic boundary layers and the tetrahedral elements in the interior. 

Inlet:
uy = 2.0 m/s
ux = uz = 0
T = T0-10 K

Wall:
No-slip
Adiabatic

Outlet:
Traction-free
T =T0-10 K

x

y
z

Interior initial
condition:
u = 0
T = T0

Living room

Kitchen

Bedroom

Fig. 1. Geometry of the building and problem setups. In configuration 1, only 
the window (inlet) on the right side is open, while for configuration 2, both 
windows are open. 
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temperature and velocity fields at different locations and flow field vi
sualizations to investigate the natural ventilation in the two configura
tions. Finally, we present the air diffusion performance index (ADPI) and 
predicted mean vote (PMV) for thermal comfort analysis of these two 
configurations. 

4.1. Mesh convergence study 

With the meshing strategy described in Section 3.3, we create three 
sets of meshes for a mesh independence study using Configuration 1. The 
mesh statistics for the three meshes, marked as M1, M2 and M3, 
respectively, are shown in Table 1. Same initial and boundary conditions 
are applied on the three meshes, and a time step size of 5.0 × 10−3 s is 
used in all of the simulations. We start to time-average the solution after 
a statistically quasi-steady state is reached. Afterwards, we plot the 
relative temperature and velocity magnitude profiles at x = 9.2 m, in 
which plane the inlet is connected, with y = 1 m, 1.5 m, and 2 m, to 
illustrate the mesh convergence results. 

As shown in Fig. 3a, the temperature profile clearly converges as 
increasing mesh density. In addition, at y = 1.0 m, where is the closest to 
the inlet window, the variation of temperature along z direction is much 
larger than the other two locations with a peak of low temperature at a 
height slightly lower than 0.5 m. This indicates the cold air is injected 
into the building creating a large temperature gradient near the inlet 
window, and as flowing deeper into the building, the incoming cold air 
is heated up by surrounding higher temperature air (transport of thermal 
energy) and demonstrates a much more smoothed temperature gradient 
along z direction. Similar behavior can be observed for air velocity 
magnitude as seen in Fig. 3b. The air velocity magnitude also conver
gences as increasing mesh density, and it has the largest gradient at a 
similar z location close to the inlet window. The velocity gradient is 
smoothed out and the velocity magnitude of the air current decays as it 
flows deeper inside, which indicates a loss of its kinetic energy and an 
exchange of its momentum with surrounding air. Note that in M2, the y+

parameter of the first layer element is around 40, which indicates that a 
satisfactory accuracy has been achieved on such a relatively coarse 
mesh. This clearly demonstrates the effect of weak imposition of 

boundary conditions in terms of reducing computational costs. 

4.2. Comparisons between two configurations 

We present temperature and velocity magnitude contours in the 
slices at x = 2.2 m, x = 6.0 m and x = 9.2 m, respectively, to visualize 
the airflow in the building. As discussed in the last section, the x = 9.2 m 
plane is in the kitchen, where the inflow is located (as well as in the 
Configuration 2). The x = 6.0 m plane represents a slice in the living 
room that is not directly connected with any cold air inlets in both 
configurations. The x = 2.2 m plane is in the bedroom, which is the 
farthest plane away from the inlet in Configuration 1 but also connected 
with an inlet in Configuration 2. These three slices across the x direction 
in areas with different flow patterns will give us a global insight of the 
natural ventilation inside the building. In addition, a slice at y = 1.5 m 
that intersects these three slices in the x plane is also presented for a 
more comprehensive visualization of both configurations as seen in 
Fig. 4. The velocity vectors in the slice at x = 9.2 m (which is connected 
to the right inlet) in both configurations are shown in Fig. 5 to visualize 
the air motion. Note that to highlight the velocity vectors, we replot the 
background velocity magnitude contours in a grey color table. We 
further present streamline visualizations in the overall building in both 
configurations. Finally, we overlap the two configurations and plot 
temperature and velocity magnitude profiles at each of above x co
ordinates with y = 1.0, 1.5 and 2.0 m, respectively, for more quantita
tive comparisons. 

In Configuration 1, it can be observed from the velocity magnitude 
contours and vectors as shown in Fig. 4a and 5a that, cold air is injected 
through the inlet with a relatively high velocity, and it scatters and drops 
down due to the thermal buoyancy (can also be seen from temperature 
contours in Fig. 6a) resulting in a local turbulent flow region. Some air 
rises up and encounters falling airflow creating a major localized cir
culation zone in the kitchen as seen from Figs. 5a and 7a. Air velocity 
magnitude is very small in the other two slices in the x direction, as well 
as the slice in the y direction, which indicates a laminar flow regime in 
most regions of the building. This is a mixed case with both laminar and 
turbulent flows, and RANS models may fail to accurately predict the 
natural ventilation since it may cause excessive artificial turbulence 
when dealing with laminar flow regions. However, the residual-based 
VMS method automatically tunes the fine scale variables to approach 
to zero as the residuals of coarse scale are close to zero in laminar regions 
(coarse resolution is already able to capture physics in laminar regions), 
which enables it to perform accurate flow condition agnostic simula
tions (unlike RANS models) without any special treatments. In Config
uration 2, the slices connected to inlets produce similar velocity 
magnitude contours as the Configuration 1 as shown in Fig. 4b, while the 
inflows present more fluctuations (also seen from temperature contours 

Fig. 3. Results of mesh independence study at different y locations near the inlet (x = 9.2 m) using Configuration 1.  

Table 1 
Statistics of the three meshes used for the mesh independence study using 
Configuration 1. Note the unit of the sizes is meter.  

Mesh First layer 
(prism) height 

Inlet/outlet 
element size 

Maximum surface 
element size 

Number of 
elements 

M1 0.01 0.08 0.16 985,507 
M2 0.007 0.05 0.1 4,133,834 
M3 0.005 0.03 0.06 15,958,302  
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Fig. 4. Visualization of velocity magnitude contours in the two configurations.  

Fig. 5. Velocity vector visualization at an inlet (x = 9.2 m) in both configurations.  
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in Fig. 6b), which we believe is due to the interaction between the two 
inlets in Configuration 2. A different circulation structure compared 
with the Configuration 1 in the kitchen can be observed from Fig. 5b. In 
the overall building, two individual air circulation zones (due to the 
barrier walls between bedroom and living room) can be seen from 
Fig. 7b. 

In addition, for the temperature contours, it can be seen from Fig. 6a 
that Configuration 1 performs a localized cooling in the kitchen while 
most region in the bedroom (slice furthest away from the inlet) still 
remains relatively hot. The living room (middle slice) has a lower 
temperature at the bottom but higher temperature on the top. This in
dicates that the air flows mostly in the kitchen (can also be seen from 
Fig. 7a), and some cool air propagates to the living room mostly through 
the bottom (due to the barrier walls between living room and kitchen on 
the top) and gets further heated up in the living room. The energy (as 
well as momentum) transport into the bedroom is attenuated moving 
further away from the inlet. In contrast, as seen from Fig. 6b, Configu
ration 2 performs much better in cooling the global building, but still 
leaves the top of the building relatively hot (also due to the barrier walls 
on the top). This indicates a stronger transport and exchange of energy 
(as well as momentum) horizontally across the x direction due to the 

communication of those two inlets in Configuration 2. Compared with 
Configuration 1, more horizontal air circulations are present between 
different rooms, as illustrated by Fig. 7b. It can also be observed that 
Configuration 2 cools the building uniformly in most regions resulting in 
a better thermal comfort of the space, as will become more quantita
tively evident in the next section. 

Finally, quantitative comparisons as shown in Fig. 8 match the 
qualitative analysis from visualizations. The comprehensive compari
sons conclude that Configuration 1 performs better in cooling the 
kitchen, while Configuration 2 performs much better in cooling the 
overall building. 

4.3. Thermal comfort analysis 

We finally consider two indices of interest, Air diffusion performance 
index (ADPI) and predicted mean vote (PMV), for quantifying the 
thermal comfort of these configurations. The ADPI is a commonly used 
index that quantifies the performance of a ventilation system to generate 
spatial uniformity in air temperature and velocity and its contribution to 
thermal comfort. It is defined as the percentage of space where the 
criteria for effective draught temperature (EDT) and air velocity are 

Fig. 6. Visualization of temperature contours in the two configurations.  
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satisfied. The EDT is defined as 

EDT = (T − 273) − Ta − 8.0(‖u‖ − 0.15), (20)  

where Ta is the average room dry-bulb temperature in ◦C. ADPI is then 
defined as 

ADPI =
Space volume with( − 1.7) ◦C⩽EDT⩽( + 1.1) ◦C, and‖u‖⩽0.35m/s

Total space volume
× 100%.

(21) 

It is generally agreed that a good ventilation system should be 
designed to achieve an ADPI higher than 80%, i.e., at least 80% of the 
total space meets the criteria [62]. 

In addition, the PMV developed by Fanger [63] is an index that 
measures human perception of comfort on a seven-point thermal 
sensation scale from −3 (cold) to +3 (hot). A zero value of PMV is ideal 
for thermal comfort, representing thermal neutrality. In buildings which 
incorporate a combination of natural ventilation and active heating and 
cooling, comfort zone is defined as a region with −0.5 < PMV < +0.5 
[52]. Fanger’s equation for PMV can be written as 

PMV = (0.303 − exp( − 0.036M) + 0.028 ) ×
{

(M − W) − 3.05

× 10−3(5733 − 6.99(M − W) − pa ) − 0.42((M − W) − 58.15 )

− 1.7 × 10−5M(5867 − pa) − 0.0014M(34 − (T − 273)) − 3.96

× 10−8fcl
(
(tcl + 273)

4
− T4

m

)
− fclhc(tcl − (T − 273) )

}
,

(22)  

where M is the metabolic rate with a value of 80 w/m2, W is the me
chanical power, which is assumed to be 0, Tm is the mean radiant tem
perature in K, which is assumed to be equal to T, Pa is the water vapor 
partial pressure in pascal, defined as 

Pa = 611.21exp
((

18.678 −
T − 273

234.5

)(
T − 273

257.14 + (T − 273)

) )

hu, (23) 

hu is the humidity with a value of 60%, tcl is the clothing surface 
temperature in ◦C, defined as 

tcl = 35.7 − 0.028(M − W) − Icl ×
{(

3.96 × 10−8fcl
(
(tcl + 273)

4
− T4

m

)

+ fclhc(tcl − (T − 273))
}

,

(24) 

Icl is the clothing insulation with a value of 0.11 m2 k/w, hc is the 

Fig. 7. Visualization of streamlines inside the building, colored by temperature T −T0.  
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convective heat transfer coefficient in w/(m2 k), defined as 

hc = max
(

2.38
⃒
⃒
⃒tcl −

(
T − 273

)
|
0.25

, 12.1
̅̅̅̅̅̅̅̅
||u||

√ )
, (25)  

fcl is the clothing surface area factor, defined as 

fcl =

{
1.0 + 1.29Icl Icl⩽0.078m2 k

/
w

1.05 + 0.645Icl Icl > 0.078m2 k
/

w.
(26) 

Note that Eq. (24) is implicit for tcl, and we use Newton method to 
iteratively solve for it. 

The ADPI of the two configurations is presented in Table 2. It can be 
seen that when considering the full space, the two configurations both 
produce low ADPI values. This is usual for natural ventilation systems 
that exhibit large thermal gradients across the height. However, we are 
not concerned about the thermal comfort across the full height of the 
space, but rather consider the comfort in the occupied space. Therefore, 
we further compute ADPI for the occupied space defined as height less 
than 2 m, and it can be seen that the values of ADPI increase in the lower 

Fig. 8. Comparisons of temperature and velocity magnitude at different locations in the building between the two configurations. The solid lines and the dash lines 
denote the Configurations 1 and 2, respectively. 

Table 2 
ADPI of the two configurations considering full volume vs. occupied space.   

Overall comfort zone Occupied space (⩽2 m) comfort zone  

Configuration 1 44.33 % 67.60 % 
Configuration 2 50.14 % 79.17 %  
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spaces. The ADPI of Configuration 2 reaches almost 80% in this case, 
which suggests that Configuration 2 is a reasonable design of natural 
ventilation system for typical human residents. In addition, the PMV 
contours of the two configurations with values between −2 and 2 are 
shown in Fig. 9. It can be seen that the thermal comfort generally follows 
the cooling performance of each configuration as discussed in the last 
section (and seen from Figs. 6 and 7). Configuration 1 has a localized 
comfortable region in most space of the kitchen while Configuration 2 is 
able to obtain an overall thermal comfort uniformly across the lower 
space of the building (except near the two inlets). Again, the top of the 
building is not comfortable in both configurations (except some regions 
of the kitchen in Configuration 1), but it is not a concern for the afore
mentioned reasons. 

5. Conclusions and future work 

We deployed a residual-based variational multiscale framework 
augmented with weakly imposed Dirichlet boundary condition method 
to simulating natural ventilation under two configurations of cooling a 

complex building. This approach automatically enables accurate flow 
condition agnostic simulations (unlike RANS models) with reduced 
computational efforts in boundary layers. This framework is validated 
using a canonical Rayleigh–Bénard convection problem. A mesh 
convergence study for temperature and velocity magnitude profiles near 
the inlet window using Configuration 1 is performed to verify this 
framework in simulating the complex building. Visualizations of tem
perature and velocity magnitude contours as well as velocity vectors and 
streamlines are presented to offer comprehensive insights of the natural 
ventilation in these two configurations. Comparisons between them 
show that Configuration 2 performs much better in cooling the global 
building, while Configuration 1 localizes the cooling and performs better 
in the kitchen. ADPI is computed for the occupied volume for these two 
configurations, and suggests that Configuration 2 is a good design for 
ensuring thermal comfort. PMV is also computed for thermal comfort of 
both configurations. It shows the thermal comfort generally matches the 
cooling performance in both configurations, and Configuration 2 is able 
to create an overall thermal comfort uniformly across the lower space of 
the building. 

Fig. 9. Visualizations of PMV for thermal comfort. Only the spaces with PMV values between −2 and 2 are plotted.  
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The results in this paper have demonstrated the robustness and ac
curacy of our framework in simulating natural ventilation across a wide 
range of flow regimes in a very complex geometry. The parameter-free 
nature of the framework makes it seamless to be used in variations of 
natural ventilation designs. Some design-optimization management 
tools can also be easily integrated with the framework to efficiently 
evaluate and improve the performance of specific natural ventilation 
designs. We also plan to deploy this framework to further investigate 
natural ventilation in more realistic scenarios – for example, with human 
and furniture inside the building subject to more complex and realistic 
flow and thermal boundary conditions. 
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Appendix. Validation of the framework using a Rayleigh–Bénard convection problem 

In this section, we carry out a validation of our framework using a canonical problem of buoyancy driven convection – Rayleigh–Bénard convection 
problem. We consider the standard, non-dimensional case of an enclosed box with temperature difference across the vertical walls. We validate our 
framework in a laminar case (Ra = 1.89 × 105) and a turbulent case (Ra = 1.5 × 109), respectively, to illustrate the accuracy of the framework in 
simulating different flow regimes without special treatments. No-slip velocity boundary conditions are prescribed on all walls in both cases. High 
temperature is set on the left (x = 0) wall while low temperature is set on the right (x = 1) wall. Note that in the laminar case, we impose adiabatic 
boundary condition on other walls while in the turbulent case, we impose experimentally measured temperatures in [32] on horizontal walls. Gravity 
is along the z direction. The geometry and the boundary condition setup for the Rayleigh–Bénard problem are illustrated in Fig. 10. 

The laminar case employs a unit cubic domain with a mesh of 722,257 tetrahedral elements, while the turbulent case employs a cuboid domain of a 
size of 1 × 0.32 × 1 with a mesh of 837,833 tetrahedral and 1,213,824 prism elements. The simulation of the laminar case is carried out until a steady 
state is reached, while the time-averaged solution is obtained for the turbulent case after a fully developed flow field is achieved. We first compute the 
average Nusselt number, Nu, over the hot wall for the laminar case and along the vertical median line on the hot wall for the turbulent case, and 
compare Nu with other numerical and experimental results in references [64,65] for the laminar case and [32] for the turbulent case, as shown in 
Table 3, respectively. In both cases, Nu’s from our simulated results match the data in the references very well. 

To further illustrate the good prediction of the physics inside the entire fluid domain, we then plot mean temperature and velocity profiles along 
horizontal and vertical median lines, and compare with references. Results from the laminar and the turbulent cases are shown in Figs. 11 and 12, 
respectively, which demonstrate overall excellent agreement between our simulations and the reference results. Note that in the experiments, it is 
challenging to maintain a perfectly adiabatic thermal boundary condition. As a result, in the laminar case, it is evident that the experimental results 
[66] do not present a zero heat flux at horizontal boundaries. In the turbulent case, as we impose the experimentally measured temperatures on 
horizontal walls, a closer agreement with experimental results can be observed at the horizontal boundaries, while visible discrepancy can still be 
observed. This could again be due to the difficulty in maintaining constant temperatures at such a large Ra number in the experiment. Nevertheless, for 
the temperature along vertical median line, in the laminar case, our result matches the other numerical results very well, and in the turbulent case, our 
result better matches the experimental result than the plotted numerical references. These comparisons comprehensively validate this thermo-fluidic 
framework for accurately predicting buoyancy driven convection in enclosures, and illustrate the capability of this framework to simulate natural 
ventilation in complex buildings. 

Hot plate
( = 1)
Cold plate
( = 0)

H

W

L

y

x

z

Fig. 10. Schematic of the Rayleigh–Bénard convection problem.  

Table 3 
Comparison of Nu for the two Rayleigh–Bénard problems with experimental and 
numerical reference values.  

Ra This work References 

1.89 × 105  5.39 5.25 [64], 5.31 [65] 

1.5 × 109  58.08 54.0 (Exp), 58.0 (LES), 57.5 (DNS) [32]  
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Fig. 11. Validation of a laminar case with Ra = 1.89 × 105 using a Rayleigh–Bénard convection problem. Results from Fusegi et al. [64] and Krane and Jessee [66] 
are plotted as references. 
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