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Abstract

A previous study in Dhaka, Bangladesh, indicates
that there might be an association between the oc-
currence of pneumonia, the leading cause of death in
children under 5, and the presence of cross-ventilation
in slum housing. The objective of this research is
to establish a validated computational framework to
accurately estimate household ventilation rates and
support further investigation of this association. The
framework leverages a computationally efficient inte-
gral model and high-fidelity large-eddy simulations,
as well as uncertainty quantification methods. Sim-
ulation results for a variety of weather and housing
conditions are validated against field measurements
of the ventilation rate and indoor temperatures.

Key innovations

• We propose a multi-fidelity computational
framework for natural ventilation, and validate
the model results against on-site field measure-
ments.

• We demonstrate the predictive capability of a
low-fidelity building thermal model combined
with uncertainty quantification: the model pre-
dicts mean and 95% confidence intervals for
quantities of interest with reasonable accuracy
at a low computational cost.

• We use high-fidelity, computationally demand-
ing, large-eddy simulations to accurately quan-
tify ventilation rates driven by buoyancy and
turbulent wind effects in urban settings, and to
reduce the uncertainty in the building thermal
model.

Practical implications

The proposed framework provides a computationally
efficient tool for evaluating natural ventilation sys-
tem flow rates, and the resulting building thermal
response under a wide range of building operating
conditions.

Introduction

According to UNICEF, pneumonia is the leading
cause of death in children under 5, accounting for
18% of total mortality in this age group (Wang et al.

(2016); Qazi et al. (2015)). Worldwide, approxi-
mately one million children die from pneumonia each
year, corresponding to 100 deaths every hour. The oc-
currence of pneumonia-related deaths is highly con-
centrated in just a few countries: 70% of the cases
occur in 15 countries, one of which is Bangladesh
(UNICEF (2016)). In 2014, a study conducted in
Dhaka, Bangladesh indicated that there might be an
association between the incidence of pneumonia and
the presence of cross-ventilation: households where
pneumonia occurred were 28% less likely to be cross-
ventilated Ram et al. (2014). However, a quantita-
tive relationship between ventilation rate and disease
prevalence has not been established, and questions
remain as to what ventilation rates are required to
decrease the occurrence of pneumonia. To further in-
vestigate this causal relationship, it is imperative to
estimate a household’s ventilation rate. Thus, the ob-
jective of this research is to establish a computational
model that enables accurate predictions of ventilation
rates to support further investigation of the associa-
tion between pneumonia and household ventilation.

Natural ventilation can be modeled using a variety of
computational models with different levels of fidelity.
In the proposed framework, we use a building thermal
model coupled with an envelope flow model, hereafter
referred to as the integral model, as well as a high-
fidelity computational fluid dynamics model using the
large-eddy simulation (LES) technique. The inte-
gral models solves for the time evolution of volume-
averaged quantities, employing reduced-order mod-
els to represent the natural ventilation flow and heat
transfer. The integral model’s biggest advantage is
its low computational cost, making it ideal for use
with uncertainty quantification (UQ) techniques that
require repeated model evaluations. Combined with
UQ, this type of model has shown potential for pre-
dicting quantities of interest with relatively low com-
putational burden (Lamberti and Gorlé (2018)). In
contrast to the integral model, the LES model solves
for the full three-dimensional velocity and temper-
ature fields, resolving the turbulent flow and heat
transfer physics with high accuracy. The model has
the ability to support detailed analysis of ventilation
patterns and flow mechanisms; however, some limi-
tations arise due to the complexity and high compu-
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Figure 1: Computational framework

Figure 2: Picture of our area of interest: the Out-
fall slum in Dhaka, Bangladesh and the target house
(yellow box)

tational cost. We adopt computationally demand-
ing LES model to more precisely resolve instanta-
neous turbulence effect observed during our ventila-
tion measurements. A majority of previous work has
focused on ventilation in a single building for a fixed
wind direction, not accounting for the effect of sur-
rounding obstacles and the variability in wind that
can play a significant role in practice (Van Hooff and
Blocken (2010)).

In the current study, we aim to establish a computa-
tional framework, shown in Figure 1, that leverages
the strengths of both the integral model and the LES
model to accurately estimate household ventilation
rates in terms of air change per hour (ACH). The
integral model, which has a significant advantage in
terms of its computational cost, is the workhorse of
the framework, used to quantify the effect of uncer-
tainty in the boundary and operating conditions. It
solves for the mean and 95% confidence interval (CI)
of the volume-averaged temperatures and ACH. The
high-fidelity LES simulations, resolving the turbulent
flow field, are used to improve our understanding of
the ventilation pattern in the house and to develop
relationships for ACH as a function of the indoor-
outdoor temperature difference and wind conditions.

This paper presents both computational models and
validates their results against field measurements of
the ACH measured using a tracer concentration de-
cay technique. In ongoing work, we will implement
the LES-based relationships for ACH in the integral
model to reduce the uncertainty in the predictions.

Test case and field measurements

On-site field measurements, conducted for 15 days in
February 2019, were performed to obtain the neces-
sary data to validate the computational models and to

Figure 3: Drawing of the target house

investigate the mechanisms of natural ventilation in
a representative slum house. This section introduces
the test case house, and the setup and methods of the
field measurements.

Test case: Bangladeshi urban-slum house

In Dhaka, Bangladesh, approximately 95% of house-
holds occupy single-room homes in low-income com-
munities (Islam et al. (2006)). In one of the low-
income areas named Outfall, we rented a representa-
tive house with a rectangular floor plan and a slanted
ceiling, shown in Figure 2. The detailed dimensions of
the house are illustrated in Figure 3, where each wall
is labeled based on its orientation. Multiple openings
were constructed to determine the effectiveness of a
variety of ventilation strategies: a skylight; a large
window with a security grill on the south wall; and a
small floor-level vent and a mid-size rear vent with a
concrete cover on the north wall. Four different con-
figurations, each with two of the ventilation openings
opened, were tested: (1) skylight and floor-level vent,
(2) skylight and rear vent, (3) window and rear vent,
and (4) skylight and window.

Temperature and wind measurements

The two major driving forces of natural ventilation
are buoyancy and wind. To support quantifying these
two driving forces, we measure indoor air, thermal
mass, and outdoor air temperatures, as well as the lo-
cal wind at the target house and the free-stream wind
conditions on a nearby mid-rise building rooftop. At
the house, 24 temperature sensors are installed: 15
sensors measure indoor air temperature at 5 hori-
zontal locations and 3 different heights, while 9 sen-
sors record the surface temperature of the thermal
masses (i.e. walls, roof and floor). One anemometer
is installed on top of the roof for assessing wind at
the height of a single-story slum house. One mobile
weather station is installed on the roof of the tallest
building (Hmax = 25 m) in the area, collecting less
disturbed outdoor temperatures and free-stream wind
velocities. Both temperature and wind are recorded
with a data logger (CR300, Campbell Scientific, Inc.)
with a sampling frequency of 1Hz. For the tempera-
ture, a thermistor is adopted considering the sensor’s
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good performance in our target measurement range
(10◦C to 50◦C) and its stability to irregular power
outages that often happen in the low-income area.
Wind speed and direction data is sampled with a
2D anemometer (WindSonic, Gill Instruments, Ltd).
The measurement data are used both to define bound-
ary conditions or inputs for the computational mod-
els, and to validate the model results.

Ventilation rate measurements

Ventilation rate measurements were performed in the
target house with a tracer concentration decay tech-
nique, recording the decay rate of a tracer. The ex-
periments use particulate matter (PM) for the tracer
because of its low cost and widespread availability.
Generally, the ACH is evaluated based on the rela-
tionship that the tracer concentration decays expo-
nentially from its peak as time elapses in an ideal
scenario. This behavior can be written as

ACH(t) =
log(c(t))− log(cpeak)

t− tpeak
, (1)

where t is the time and c(t) is the concentration of
the tracer at that time t, and cpeak and tpeak indicate
the concentration and time of the peak.

One limitation of this experimental method is that
the ideal well-mixed condition is hard to achieve in
practice, and our experiments were accompanied by
the effect of non-uniform concentration mainly due
to strong temperature stratification. Therefore, we
employee a new scheme that process the raw ex-
perimental data in two steps to reduce the effect of
non-uniform concentration when computing ACH: we
compute (1) the time series of ACH using equation
1, which shows spikes at the beginning and the end
of the experiment due to the two effects; and (2) the
mean and standard deviation from the period of time
series without the unwanted spikes. This two-step
scheme produces the mean and 95% confidence inter-
val of ACH for a given time period (approximately 10
to 20 minutes) at one indoor location, which is used
for the validation of the computational results.

Integral model with uncertainty propa-
gation

The integral model solves for the volume-averaged air
temperature and for the thermal mass temperatures,
and it predicts the ACH using an envelope flow model.
Its low computational cost makes the model an ef-
ficient tool for evaluating the effect of uncertainties
in the boundary conditions and model parameters,
thereby enabling predictions of mean values and con-
fidence intervals for the QOI. In the following, we
first introduce the integral model equations, before
discussing the UQ method.

Integral model equations

Figure 4 presents a schematic of the heat transfer
physics in the single-room house as represented by the

Figure 4: Graphical representation if the integral
model

integral model’s governing equations. The equations
describe the exchange of heat between the indoor and
outdoor environment and the buildings thermal mass.
The governing equation for the indoor temperature
(Tin) is given by

ρaVaCp,a
dTin
dt

=
5∑

i=1

Qi,conv,in +
5∑

i=1

Qi,rad,in +Qnv,

(2)
where ρa, Va and Cp,a are the density, the volume,
and the specific heat of the indoor air. The left-hand
side of the equation represents the time evolution of
the indoor temperature in response to the heat fluxes
shown on the right-hand side, which represent con-
vective and radiative heat transfer between the in-
door air and the five thermal masses (Qi,conv,in and
Qi,rad,in) and heat exchange by natural ventilation
(Qnv). The five thermal masses are the roof, the
three walls and the floor. The floor temperature is
assumed to be constant and the temperatures for the
other four thermal masses are obtained by solving the
following equation:

ρiViCp,i
dTi
dt

= Qi,cond,in +Qi,cond,out (3)

where ρi, Vi and Cp,i are the density, the volume and
the specific heat of the i-th thermal mass.

The core temperature of the thermal mass (Ti) is
determined by the sum of heat conduction through
the inner and outer layers (Qi,cond,in and Qi,cond,out),
which is equal to the sum of different heat fluxes
applied on the respective surfaces. All surfaces are
affected by thermal convection and long-wave radia-
tion from the adjacent air (Qi,conv and Qi,rad). The
roof surfaces have additional radiative heat transfer:
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long-wave radiation between the inner surface and the
floor and solar radiation on the outer surface (Qsolar).
These heat fluxes are expressed as a function of the air
and surface temperatures, a convective heat transfer
coefficient, and the material properties. The solutions
of the system of equations provides a prediction of the
time series of our QoIs (i.e. ventilation rate in terms
of ACH and volume-averaged air temperatures).

Uncertainty propagation using Monte-Carlo
sampling method

The UQ analysis considers three types of uncertainty.
First, there is uncertainty due to variability in the
weather conditions, i.e. temperature, solar radiation,
and wind speed, which serve as inputs to the integral
model. Instead of using a single time series for each of
these conditions, we consider the inherent uncertainty
of weather inputs due to their probabilistic variabil-
ity. Using the inverse probability distributions of the
weather inputs and a probability (ptemp, prad and
pwind) sampled from [0,1], we reconstruct the input
data as a range of time series in lieu of a single input.
Second, there is uncertainty in the heat transfer mod-
eling, primarily related to the reflectance and emissiv-
ity of the roof (ρroof and εroof ), and to the definition
of the indoor and outdoor convective heat transfer co-
efficients (hindoor and houtdoor). Third, there is signif-
icant uncertainty in the relationship used to calculate
the natural ventilation flow rates through the differ-
ent openings. In a ventilation configuration with two
windows open, two different scenarios can occur: (1)
the flow through both windows is fully correlated and
cross ventilation occurs effectively, or (2) the openings
act independently such that single-sided ventilation
occurs at each of the openings. Both scenarios are
reflected in the integral model by employing two dif-
ferent ventilation models. If cross ventilation occurs,
the ventilation rate can be estimated with the model
suggested in Hunt and Linden (1999):

V̇cross = Aeff ·
√
g∆H · ∆T

T
+ U2

wind

∆Cp

2
, (4)

where Aeff is the effective area, g is the gravitational
constant, ∆H is the height difference of the two open-
ings, ∆T and T are the difference and the average of
the indoor and the outdoor temperatures, Uwind is
the wind speed at the reference height, and ∆Cp is
the difference in the pressure coefficient at both open-
ings. ∆Cp is defined as an uncertain parameter, since
the pressure coefficients on the openings are unknown
and highly dependent on the local flow field around
the building. In the single-sided ventilation scenario,
the total ventilation rate is the sum of the ventila-
tion rates estimated at each of the openings with the
empirical model:

V̇single =
1

2
C1A1

√
CwU2

wind + CbH1|∆T |+ Ct

+
1

2
C2A2

√
CwU2

wind + CbH2|∆T |+ Ct,

(5)

where A and H indicate the area and the height of
each opening denoted with the subscript. The coef-
ficients Cw = 0.001, Cb = 0.035 and Ct = 0.01 have
been obtained empirically from a full-scale experi-
ment, balancing the significance of the wind, buoy-
ancy and turbulence (De Gids and Phaff (1982)). C1

and C2 are defined as uncertain parameters to ac-
count for errors in the empirical model. Preliminary
sensitivity analysis is conducted to indicate parame-
ters having minute impact on the quantities of inter-
est (e.g. the thermal conductivity of both the roof
and the walls, and the reflectance and the emissivity
of the walls) such that those parameters are neglected
from our UQ study.

The resulting UQ framework produces two sets of pre-
dictions for the mean and 95% CI for the QOIs: one
for cross-ventilation, and one for single-sided venti-
lation. The choice of the ventilation model also de-
termines the number of uncertain parameters, i.e. 8
for the cross ventilation model and 9 for the single-
sided ventilation model. Given the large number of
uncertain parameters and the low computational cost
of a single simulation, Monte-Carlo sampling is used
and the sample size was determined by monitoring
the convergence of the statistics of our QoIs.

CFD simulations

The LES are conducted using CharLES, a commer-
cial CFD package developed by Cascade Technolo-
gies, Inc. (2020). In this section, we introduce the
governing equations, the setup of computational do-
main and mesh, and the inflow and other boundary
conditions.

Governing equations

LES applies a filter to the instantaneous field quanti-

ties ui(x, t) and T (x, t), splitting them into filtered 〈̃·〉
and sub-filtered (sub-grid) components 〈·〉′: ui(x, t) =

ũi(x, t) + u′i(x, t); T (x, t) = T̃ (x, t) + T ′(x, t). This
results in the following filtered equations for conser-
vation of mass and momentum:

∂ρ

∂t
+
∂ρũj
∂xj

= 0 (6)

∂ρũi
∂t

+
∂ρũiũj
∂xj

= − ∂p̃

∂xi
+
∂σ̃ij
∂xj

+ ρgδi3, (7)

where σ̃ij = (µ+µt)(
∂ũi

∂xj
+

∂ũj

∂xi
− 2

3δij
∂ũk

∂xk
) represents

the viscous stresses using the linear eddy viscosity
assumption. The velocity in large scales are directly
evaluated by solving the filtered equations while the
motion in smaller scale is characterized with a Vre-
man sub-grid model in this study.

Considering that the temperature variation is minute
in our simulations, we apply the Boussinesq approxi-
mation, and the momentum source by buoyancy (the
last term in the equation (7)) can be replaced with:

ρg = ρrefgβ(T̃ − Tref ), (8)
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Figure 5: Computational domain

where ρ, g and β are the density, the gravitational
constant and the thermal expansion coefficient, and
the subscript ref denotes the reference value of each
quantity. Solving the following temperature trans-
port equation completes the set of governing equa-
tions:

∂ρT̃

∂t
+
∂ρũj T̃

∂xj
=

∂

∂xj
[(
α̃

cp
+

µt

Prt
)
∂T̃

∂xj
], (9)

where α̃, cp, and Prt are the thermal diffusivity, the
specific heat capacity, and a turbulent Prandtl num-
ber, respectively.

Computational domain and mesh

The computational domain is presented in Figure 5.
Since our primary region of interest is the inside and
the vicinity of the target house, the model includes
accurate representations of the buildings close to the
house (i.e. within a radius of 5Hhouse) in terms of
their height and width. Buildings outside this im-
mediate range but within 100 m are represented as
rectangular blocks. The size of the domain was de-
termined following the COST action 732 best prac-
tice guidelines (Franke et al. (2011)). The horizon-
tal dimensions are 500 m by 600 m, which is equal
to 20Hmax by 30Hmax, where Hmax=25 m is the
height of the tallest building in the domain. The in-
flow boundary is located at a distance greater than
5Hmax from the most upstream building, while the
outflow boundary is located 14Hmax downstream of
the target house. The vertical domain height is 150
m (6Hmax) and the lateral boundaries are at least
5Hmax away from all building geometries. These di-
mensions satisfy the recommendations in the guide-
line for any orientation of the building geometries,
thereby supporting simulations for all wind direc-
tions.

The computational grid is generated with the
CharLES’ mesh generator and consists of approxi-
mately 35 million cells. A snapshot of the grid is
shown in Figure 6. The cell size ranges from 8 m in
the background to 5.4 cm near the house. The refine-
ment is introduced gradually using different refine-
ment zones, and the resulting resolution adheres to
the guidelines that are recommended for CFD models
of natural ventilation and wind engineering applica-
tions in general (Franke et al. (2011); Tominaga et al.
(2008)).

Figure 6: Mesh view in the building area

Inflow and boundary conditions

To test different wind directions, the building geome-
tries are rotated inside the computational domain;
the definition of the other boundary conditions is
identical for all cases. For the inflow condition, we use
the divergence-free version of a digital filter method,
developed by Xie and Castro for wind engineering
applications (Xie and Castro (2008)), and we com-
bine the method with a gradient-based optimization
to obtain the desired turbulent wind statistics at the
location of interest (Lamberti et al. (2018)). The dig-
ital filter method generates an unsteady inflow with
turbulence structures that are coherent in space and
time. It requires input for the mean velocity and
Reynolds stress profiles, and for the three Lagrangian
time scales. We impose a logarithmic mean velocity
profile with the reference velocity of 1.7 m/s at 25 m
height based on our measurement of the free-stream
velocity, and with a roughness length (z0) of 0.5 m.
The Reynolds stress profiles are specified following
similarity relationships for the neutral ABL.

Lastly, the Lagrangian time scale is estimated us-
ing the time series of velocity measurement data.
The auto-correlation of the stream-wise velocity in-
dicates a time scale of τu=15 s, and is converted to
a length scale of Lu=25 m using Taylor’s hypothe-
sis. The spanwise and vertical length scales are esti-
mated using their ratio to the streamwise component,
Lv = 0.2Lu and Lw = 0.3Lu.

A limitation of the digital filter inflow generation
method is that the velocity field does not correspond
to a solution of the governing equations. As a result,
the turbulence intensities tend to decay as the flow
moves through the domain and the turbulence inten-
sities at the area of interest may be considerably lower
than those specified at the inlet. To resolve this issue
we employ a gradient-based optimization technique,
where the the Reynolds stress profiles and time scales
at the inflow boundary are optimized to obtain the
desired turbulence statistics at the downstream loca-
tion. Figure 7 presents the resulting velocity statistics
at the location of interest, including a comparison to
both the intended profiles and the profiles that would
be achieved without the optimization procedure.

The outlet boundary condition is a zero gradient con-
dition for perfectly non-reflecting outflow. At the
ground and building surfaces we apply wall functions.
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Figure 7: Inflow optimization results for LES simu-
lations

A rough-wall function for a neutral ABL with z0=0.5
m is imposed at the ground boundary, while an alge-
braic wall model is used for the building surfaces. The
two lateral boundaries are periodic and a slip condi-
tion is applied at the top boundary. Since the com-
putational domain is sufficiently large, the boundary
conditions at the sides and the top will not influence
the flow solution in the area of interest.

For the thermal boundary conditions, we impose a
constant temperature for the walls of the target house
and adiabatic conditions for the ground and the walls
of surrounding buildings. A constant temperature is
also specified at the inflow boundary such that the a
quasi-steady state solution with a constant temper-
ature difference between indoor and outdoor will be
reached. A variety of weather conditions in terms of
wind speed, wind direction, and temperature is con-
sidered to investigate the combined effect of wind and
buoyancy on natural ventilation.

Results

In the following, we first present the results obtained
using the integral model with the UQ framework, in-
cluding a comparison to the field measurements. Sub-
sequently, we present preliminary results of the ongo-
ing LES.

Integral model with uncertainty quantification

Figure 8 presents a scatter plot of the modeled and
measured ACH for the four ventilation configurations,
considering both the cross ventilation model and the
single-sided ventilation model. The simulations were
performed for the days when the corresponding ACH
measurements were conducted, and the results rep-
resent the mean and CI predicted at the time of the
experiment. In the scatter plots, the horizontal error
bar indicates the 95% CI of the measurement, while
the vertical error bar indicates 95% CI of our model
prediction.

Considering the skylight and floor-level vent config-
uration (1), the measurements indicate ACH values
in the range 5-10. The cross-ventilation model does
not correctly predict these measured values because
the very small opening area of the floor-level vent is a
limiting factor for the ACH. The single-sided ventila-
tion model provides a more realistic ACH prediction

Figure 8: Results of the integral model with uncer-
tainty quantification using the single-sided ventilation
model (left) and the cross ventilation model (right)

that corresponds well to the measured range. It is
reasonable to assume that single-sided ventilation is
more likely to occur with this configuration; the floor-
level vent is too small and at a too large distance
from the skylight to reliably establish a cross venti-
lation flow pattern. For the skylight and rear vent
(2), and window and rear vent (3) configurations, the
measurements indicate ACH values in the range 4-8.
In these configurations, the mean prediction obtained
with the cross ventilation model correlates well with
the measurements, but the uncertainty for some of
the predictions is high (±4 ACH). The single sided
ventilation model does not capture the trend of the
measurements, but overall the predicted ACH values
are of the same order of magnitude. Lastly, for the
combination of two large openings, i.e. the skylight
and the window (4), both models overestimate the
ACH. The cross ventilation model produces a mean
value that is 5 to 8 times greater, and the uncertainty
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Figure 9: Instantaneous contours of velocity magni-
tude for the plane at the center of the domain

is too large to provide meaningful information. The
single sided model overestimates the ACH by a factor
of 3, and the UQ analysis fails to correctly represent
the discrepancy with the measurements. The results
indicate that neither model can capture the complex
turbulent flow patterns that can occur for a configu-
ration with too large openings.

Although our model results do not completely pre-
dict all measurements, the validation process provides
knowledge in understanding the ventilation pattern in
the slum house in various ventilation configurations
and suggests that the effect of turbulence needs to
be better characterized especially for the ventilation
configuration with large openings. Both of the venti-
lation models in the integral model account for turbu-
lence with simple parameters: ∆Cp of the cross ven-
tilation model; and three empirical coefficients (Cb,
Cw & Ct) and the uncertain parameters (C1 and C2)
for the single-sided ventilation model. Therefore, it
is imperative to precisely estimate those parameters
for more accurate predictions of the ventilation rate.
In this study, we use the higher-order LES model in
order to accurately determine the parameters by an-
alyzing detailed flow and temperature fields in 3D
domain.

LES simulations

The initial focus of the LES has been on the valida-
tion of wind and buoyancy combined ventilation on
the house in densely-packed built environment. Fig-
ure 9 displays a contour plot of the instantaneous
velocity magnitude on a vertical plane through the
center of the domain. The contour plot visualizes
the large-scale turbulence structures in the boundary
layer and the impact of the buildings on the flow, such
as the recirculation in the wake region behind the
tall building. The velocity magnitude in the build-
ing area is lower than the free stream because: (1)
the velocity magnitude increases in vertical direction,
following the logarithmic velocity profile imposed at
the inflow boundary, and (2) low-rise buildings have
similar height and they are densely packed, imped-
ing efficient airflow in the narrow streets between the
buildings.

Our validation focuses on two ventilation rate mea-
surements conducted at different time points of the
day: one during the day and the other at night. 1
summarizes the flow and thermal boundary condi-
tions as well as the results of the two validation cases,

Figure 10: Time averaged flow (left) and temperature
(right) fields inside the target house for both daytime
and nighttime cases

Figure 11: Time series of ACH (top) and its proba-
bility distribution (bottom) for both validation cases;
day(left) and night(right)

where they are under similar wind conditions, i.e.
speed and direction, but different temperature condi-
tions. Considering almost identical wind conditions,
the difference in flow and temperature patterns are
attributed to the thermal conditions of the two cases.

Table 1: Boundary conditions and results of the two
validation cases

Day Night
Wind speed [m/s] 1.69 1.71
Wind direction [◦] -26 -27
Toutdoor [◦C] 28.35 16.15
Thouse,roof [◦C] 30.35 15.95
Thouse,wall [◦C] 25.00 20.55
Thouse,floor [◦C] 21.60 21.15
ACH (measurement) [1/hr] 9.40 16.00
ACH (LES, mean) [1/hr] 9.90 17.14

Figure 10 displays snapshots of time-averaged veloc-
ity and temperature fields on the vertical plane cross-
ing the target house for both the daytime and night-
time cases. The indoor space is generally more calm
than the outdoor space for both cases, but the veloc-
ity magnitude of the indoor space is higher at night
than during the day. For the temperature distribu-
tion, in contrast to the nighttime result showing uni-
form temperature throughout the indoor space, the
daytime result displays vertical temperature strati-
fication generated by the temperature difference be-
tween the roof, heated by solar radiation, and the cool
floor, having high thermal inertia. Figure 11 presents
the entire time series of our simulations and the prob-
ability density function of ACH, and these results are
compared to the measurement (black dashed line).
The LES simulation predicts mean ACH of 9.9 for the
day and 17.14 for the night, and the field experiments
conducted in the same conditions reported 9.40 and

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
3226

 
 

https://doi.org/10.26868/25222708.2021.30683



16.00, respectively. Considering that the predictions
compare well to the measurements, our future work
will be performing predictive simulations to charac-
terize ventilation patterns under various weather con-
ditions in terms of indoor-outdoor temperature differ-
ence, and wind speed and direction. Furthermore, the
results will be used to precisely estimate the param-
eters regarding turbulence for the ventilation models
in our integral model as well as to implement the rela-
tionships for ACH in order to reduce the uncertainty
in predictions using the model.

Conclusion

Initial results obtained using a UQ analysis of the
low-fidelity building thermal model with an empiri-
cal ACH model provide ACH predictions that corre-
spond to the trends observed in the field measure-
ments. Analysis of the importance of the different
uncertain parameters revealed that the assumption
regarding the occurrence of cross- versus single-sided
ventilation in the empirical ACH model is a domi-
nant uncertainty. In addition, the empirical models
are highly sensitive to the specification of the pres-
sure coefficients on the openings, and the single-sided
model tends to overestimate the effect of turbulence.
These findings indicate the potential of using high-
fidelity LES to reduce uncertainty in the predictions.

In ongoing work, LES of the full-scale test house in
Dhaka is being performed to obtain more accurate
relationships for ACH and employ them in the build-
ing thermal model with UQ. The final predictions of
the ACH will be compared to the field measurements,
and the results will be analyzed to identify robust
ventilation strategies that will work under a variety
of weather and housing conditions.
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