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Abstract

This paper presents the results of aerodynamical performance research focused on maintaining the thermal comfort and
increasing the energy efficiency of a typical social housing unit located in a high-density urban area. Bioclimatic design
strategies are used to develop a sustainable and economic technology in existing housing clusters in Mexico City. A full-scale
prototype, built on campus facilities, was used to study the flow conditions around the design. All scaled prototypes
implement similar criterion. Furthermore, a scaled prototype is evaluated within a low speed wind tunnel installation.
Additionally, numerical simulations were performed at transient state based on previous physical measurements and

historical local climatic conditions to determine preferable modifications.

Keywords

Bioclimatic design; climatic conditions; wind tunnel; numerical methods; social housing; energy efficiency

Introduction

Bioclimatic design focuses on natural ventilation and climate control systems with low energy consumption, where the
external geometry of the architectural space provides the flow and temperature conditions in which thermal comfort remains
constant even if the weather conditions change. Local prevailing winds can be used to construct the architectural spaces in a
way that promotes the movement of air mass and minimizes stagnant air volumes inside the housing units based on the

interaction of the air with the floor and the facades of the housing.
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Traditionally, architecture has focused on comfort; however, it is necessary to introduce new strategies to generate ideas
that lead to design transformation and innovative construction projects. Mexico City is one of the largest metropolitan areas

in the world and has a large number of people on the periphery of the urban environment [1].

Historically, human settlements developed with no concept of sustainability. The result is that the total number of hours of

transportation and utility costs increased. Providing infrastructure to these high-density populated areas is difficult [2].

In recent decades, politics propitiated urbanization with almost no land cost. The result is a large amount of housing,
approximately 3000 units in each cluster without connectivity, which is significantly less sustainable. Mexico County borders

the metropolitan area and has a different climate because the mountain system there has many altitudes, as shown in Figure

Figure 1. Flat housing in the Mexico City metropolitan area

The height of the buildings is predominantly uniform. Most of the buildings have a least three floors, and they can be
described as a "flat city." However, zones exist in which the economic development is proportional to the height of the
buildings. This situation is not unique to one city, and in Mexico City, it occurs downtown, in an area known as the country’s

financial district [3].
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The flow conditions have no significant differences because of the large density of buildings built in the valley. According to
the Systems and Geography National Institute (INEGI), Mexico City, a megalopolis is located in Mexico's Valley with an altitude

of 2240 m above sea level. This valley is in a volcanic belt on the high plateaus of south-central Mexico [4].

Because of the high-density of people in the valley, the heat release mechanism is intensified, as human activities and
additional greenhouse gases being emitted to the atmosphere. In the case of large cities, urbanization creates a microclimate.

In the case of Mexico City, the air temperature is approximately 5 degrees above the local temperature.

The first part of the study is based on physical and numerical simulation of the flow conditions around an approved prototype
housing unit based on the federal government standard construction requirements within the Valley of Mexico [5]. Physical
simulations were performed using a fully scaled prototype constructed within the Universidad Autonoma Metropolitana

(UAM) campus facilities in an urban environment.

The inlet flow conditions toward the housing unit are important because they determine whether the environment is urban
or semi-urban. The topography around the housing, solar trajectories, rainfall, vegetation, magnitude and trajectory of the

wind all contribute to user comfort [6].

The climatic area of the housing is very important. Cool climates need to have solar gain and be dry, warm climates where
solar radiation needs to be minimized. Mexico City has a subtropical highland climate based on the Kdppen climate
classification [7]. The average annual temperature of the metropolitan area varies from 12° to 16°C. Specific months and

hours of the day can provide direct thermal comfort within the housing unit without air conditioning [8-10].

A local climatic station was installed at the top of one of the buildings around the housing. This allowed us to obtain the
predominant flow conditions for the prototype that were then used as inlet conditions within the wind tunnel and in
numerical simulations. It was necessary to develop a study where wind speed and wind direction were controlled conditions

for aerodynamic tests [11].

According to local measured climatic conditions, the range of wind speed varied between 0 and 5 m - s~ . Ascaled prototype
constructed in translucent acrylic was used in a low-speed wind tunnel to reproduce different flow patterns. Urban, semi-

urban and uniform flow patterns can be used for different purposes [10, 12, 13].
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Figure 2. Low speed wind tunnel schematic diagram located at Universidad Autonoma Metropolitana Azcapotzalco

Figure 2 shows a schematic diagram of an open circuit, low speed wind tunnel located at the Universidad Autonoma
Metropolitana Azcapotzalco. The wind tunnel is fully characterized and has automated acquisition instruments to register

the thermodynamic variables needed for the determination of the velocity profile within the wind tunnel test zone [14].

Local measurements included several thermodynamic variables, for example, air humidity, air velocity magnitude, air
direction, outdoor temperature, indoor temperature and atmospheric pressure. They were measured using a climatologic

station located on a building close to the fully scaled prototype.
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Figure 3. Physical model of the housing unit in compliance with federal government standards

Figure 3 shows the fully scaled prototype that was built in compliance with the Mexican federal government standards at the
University campus facilities to simulate different climatic conditions. The housing is oriented to the south, and the figure
shows the rear facade of the dwelling. A chimney, bushes and a fence, which are shown, are not considered in the
aerodynamic study. Around the housing unit, there are electrical facilities and a casting laboratory with a covered corridor
between them. The flow conditions are similar to those we might find in an area with a high-density population.

Approximately 150 m to the north is the main road and a housing area with many six-floor buildings.

Translucent acrylic was used within the wind tunnel to evaluate the aerodynamic performance, quantify the benefit of an

integrated proposal and estimate the energy savings because of the benefit in kinetic energy of the air flow.

Physical and numerical model

The construction of a scaled prototype of social housing must guarantee that the qualitative behavior of the air at different
climatic conditions can be repeated. To obtain this similarity, the design must have the same geometry. Despite using a scaled
prototype, the ratio between physical dimensions was preserved, and different geometries around the housing, such as

windows and doors, were scaled.
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Achieving a full geometric similarity is not practical because some of the design features that should have different parts or
accessories have to be analyzed individually to obtain a scaled prototype within the wind tunnel. This design is unique to
certain speed regimes. In a subsequent analysis, we will present the contribution of the most important interior housing

factors affecting the aerodynamic performance of the dwelling.

Figure 4. Physical representation of a typical social housing unit in Mexico within the wind tunnel

According to the National Housing Institute in Mexico (INFONAVIT), the average field in social housing is 30 m2. The full-scaled
prototype has 80 m? distributed over two floors, 12 windows and two exterior doors. The restroom and bedrooms are located

at the top floor and the dining room, living room and kitchen are in the basement.

Translucent acrylic, 3-10 m thick, was used in the physical scaled design. No parts were attached, and no unique base was
used to change the boundary layers and the air flow toward the scaled model. In Figure 4, the geometric casing of the dwelling
is presented. The significant external elements used to achieve geometric similarity are outlined in the model. The fireplace
was removed because in the full-scaled prototype, it improved aesthetics but is not considered a constitutive in the final
proposal, as shown in Figure 5. The numerical model used the geometric similarity criteria and solved the Navier-Stokes

equations for a turbulence model.
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Figure 5. Numerical model of a typical social housing unit in Mexico

This study presents only the fluid flow around the dwelling and does not analyze the interior fluid flow, which is going to be
presented in future work. One of the main design criteria in the development process of the proposals was the compliance

federal government construction standards [5]. The study also considers cost and ease of installation.

Figure 6. Aerial view of the scaled prototype mounted on a rotating platform within the wind tunnel
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Figure 6 shows the translucent acrylic prototype mounted on a graduated rotating base. This base allows us to know the
different orientations in which the wind can reach the exterior walls of the housing. The experimental facility allows us to
precisely know the wind direction and visualize it in different planes, such as vertically and horizontally oriented in accordance
with the light source used. The diameter of the base contributes to the flow conditions of the physically scaled design because

the development of the flow on the surface will be related to the distance between the edge of the base and the housing.

The operation conditions in the laboratory were taken during the test with a meteorological station located on the roof of
the installation, which reported a relative humidity of 56%, the atmospheric pressure of 78000 Pa and 294.15 K of local

temperature.

Once the flow condition is uniform, a minimum of 15 min of operation at the same frequency, the model is moved to the
predefined area within the wind tunnel known as the test zone to allow a fully developed flow. In previous studies, an urban
flow profile was reached with basic geometric elements that modified the flow. Future work will present the characterization

of different flow conditions to describe urban and semi-urban patterns within the low-speed wind tunnel.

A future research project will focus on developing models where thermal studies are reported using thermal and optical
equipment under different local atmospheric conditions within the low-speed wind tunnel. The goal of this study will be to
reproduce the flow profile conditions in the principal regions of the country and a future publication will present the progress

of this research.

Methodology

The constitutive equations of the flow surrounding the dwellings are the Navier-Stokes and continuity equations. Both are

presented in vector form.
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The turbulence model used in this study is the Large Eddy Simulation (LES) model, which is solved numerically using

commercial software named Fluent [15]. In an LES turbulence model, the Navier-Stokes equations are filtered, and the
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numerical model calculates two conditions, which are the vortex's influence due to mesh size and the vortexes smaller than

the mesh size.
The filtered variable is defined by the following equation:
9(x) = [ P(xG(x, x')dx 3)

where &(x) is the stresses deformation, D is the flow domain, and G is the filtered function that determines the scale of the

resolved vortexes. If we discretize equation (3) over a finite volume, we obtain the following equation:

P = [ o', x'e ¥ (4)

where V is the volume of the computational cell. The filtered function G(x,x") implies two conditions, ;,x’e v and 0,x'

for everything else. The flow conditions in this study require that the air is considered incompressible resulting in the LES

turbulence model equations described below:

g, J, —
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The tensor data calculated in the sub-grid area is developed from the Smagorinsky-Lilly model and the discretized equation

is as follows:

T; = puu; —puu, @)
The main advantages of the LES turbulence model are as follows. (i) It is possible to reproduce the transient flow pattern
around the housing that is needed to study the proposal. (ii) It considers an approximation of the larger scale vortexes that
are calculated in the numerical simulation and use a set of filtered equations. The turbulence is filtered and allows for solution
of a greater number of unknowns and reduces numerical error. (iii) The accuracy of the results needs to be compared with

physical experiments that cannot be solved using other turbulence models.
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The computing resources used in LES are higher than DES, RSM, k-e and laminar models. In some cases, the steady state
solution is not possible because of the boundary conditions, nature of phenomenon, convergence time and available
computational. The most significant disadvantages of using an LES turbulence model are as follows. (i) The accuracy on the
results of fluid variables could not be validated. (ii) The application of LES is valid only for three-dimensional cases and in non-

steady state. (iv) It is not possible to use multiphase flows.

Results
To obtain reliable results of physical experiments, we considered that the orientation of the housing, layout of the

surrounding buildings, wind direction and the main road 150 m away from the facility could locally modify the direction,

speed and magnitude of the wind to east-west and fromOto 5 m - s

In physical experiments within the wind tunnel, it was possible to obtain repeatability at different operational conditions. In

accordance with historical information about climatic conditions, the velocity magnitude was set at 4 m - s™" in the north-
east direction. The information obtained with the previously mentioned local climatic station was processed and used as an

inlet condition for numerical simulations.

Flow visualization was performed using continuously produced white smoke, which was injected at the entrance of the open
circuit wind tunnel to reproduce flow features for the scaled model. A class llla, 650 nm, 2.5 mW, red diode laser was used
to illuminate a vertical plane to highlight the three-dimensional features that develop around the design, as shown in Figure

7.
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Wind tunnel frequency: 5 Hz

Figure 7. Isometric view and laser illuminated plane of the case study

According to Meza, a 5 Hz change in the frequency control is equivalent to 0.5 - 57" in the wind speed magnitude within
the test zone of the tunnel. In this study, we determined the test zone and ensured that the velocity profile is fully developed
and repeatable [14]. To satisfy the dynamic similarity, we scaled the velocity magnitude of the working fluid based on 5 Hz
changes in the wind tunnel frequency control. Once in the wind tunnel, the air enters a region with a flow straightening

honeycomb geometry, which ensures that the flow in the test area is uniform and laminar.

A mixture of water-based lubricant was heated to generate white smoke that has a similar density to air and did not modify
the inlet flow upon injection. Laser based lighting allowed us to study the flow behavior using different vertical planes, and
subsequently to interpret the three-dimensional behavior of the flow. As shown in Figure 7, the air impacts the rear wall of

the prototype and divides the flow, with resulting upward and downward flow directions.

Downward flow swirls with the walls of the housing and drives the surrounding upward flow. The upward flow collides with
the top cover of the housing and is mainly diverted into two directions, left and right. Figure 7 illustrates the phenomenon

with green arrows.

Once the flow passes through the housing, it interacts with the front wall of the prototype and the floor and the air becomes

turbulent. This action develops at a distance of at least five times the length of the housing and is relative to wind speed. This

11
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flow condition repeats continuously and is known as an urban environment, which may be affected by different housing

designs.

_

Wind tunnel frequency: 10 Hz

Figure 8. Laser illuminated and quadrant delimited plane for internal volume of the study case

The laser illumination allowed us to study "virtual" planes that helped to interpret the outside and inside flow around an
architectural design within a wind tunnel. As shown in Figure 8, a pulse of smoke entered the design without interior
architectural elements to observe the possible interaction of interior and exterior flow. The kinetic energy of the vortexes,
generated from the interaction with the walls of the house, distributed around the internal volume and generated streams,
but there was a preponderant direction in swirl. Quadrants were used to divide the plane, which allowed us to determine
two different vortexes. Both had the same rotation; however, in quadrant three, there was a smaller and more intense vortex.
The second vortex, located in the first quadrant, covered nearly the entire area of the plane, but it did not have enough

energy to promote thermal comfort because of the low speed magnitude of the air.
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Figure 9. Aerodynamic performance of the scaled model within the wind tunnel

Figure 9 shows eleven stream traces generated through a smoke comb machine. A metal filament burned liquid oil at different

equidistant heights of the tube and produced a continuous line that moved because of the air inside the wind tunnel.

Figure 8 and Figure 9 have differences. The white streamlines describe a zone above the housing, which is primarily because
of the interaction of the flow with the roof. This phenomenon affects the heat transfer to the outside because it generates a

natural thermal insulator that prevents natural convection because of the prevailing winds.

Physical simulations validated the numerical simulations. As shown in Figure 10, air behavior is reproduced qualitatively and
lead to an interpretation of the recirculation zone previously mentioned. When the flow split, above the upper cover of the
housing, the recirculation zone was equal length to the housing. Both visualization techniques and numerical simulations
indicate that turbulent flow is obtained because of the interaction with the walls, the boundary layer than generate between

the upper cover and the flow and is enhanced because of the upper flow.

13


http://dx.doi.org/10.20944/preprints201805.0068.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 May 2018 d0i:10.20944/preprints201805.0068.v1

Figure 10. Numerical simulation results of aerodynamic performance of social housing

The modification of the surface roughness in the upper cover can reduce the development of the boundary layer. This study
proposes the use of "steps" to affect the growth of the layer and increase the convection heat transfer. In the past, this
concept was successfully implemented. Over the last century, Central America housing used "pavers" in upper covers to
maintain interior comfort in regions close to Ecuador. Several authors have studied this technology [16, 17]; however, our

proposal suggests the installation of solar cells inside the bricks, from which energy reserves can be measured [18-20].

The numerical model reproduced the flow pattern that developed in the wind tunnel experiment. The pattern consisted of
three main streams of convergence: the downward flow of the top cover and the two side streams, left and right paths. The
recirculation zone begins from the side walls of the housing. Another observation is that the minimum speed of the stream
can be close to zero. Figure 10 indicates that the kinetic energy of the air is not affected by the height of the house and is

principally in the stream above the housing.

The three-dimensional flow pattern is shown in Figure 11 and 12. The experimental method, which used the smoke machine,
preferentially described laminar flow regions. In the physical experiment, the turbulent flow pattern quickly dissipates
particles from the oil combustion. The visualization allowed us to identify regions of turbulent flow around the design and

show that the mixing process occurs more intensively.
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Figure 11. Inlet flow profile for the scaled physical model

Therefore, we suggest that the laminar flow pattern occurs under controlled conditions within the wind tunnel and can be
considered an ideal profile, as shown in Figure 11. In this study, the mixing process occurs between four main streams that

form around the model. This process affects the convection and the thermal comfort inside the building.

Figure 12. Numerical simulation results for the inlet flow profile
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Once validated, the numerical simulations can be useful tools that allow one to know and interpret the three-dimensional
nature of the phenomenon and its complexity. Numerical simulations passed through a refinement mesh process and a
convergence analysis was performed. The results show that there is no symmetry in the flow pattern. This phenomenon
occurs in the upper cover and in the turbulence zone at the front of the housing. As shown in Figure 12, recirculation zones
can be clearly identified because the air speed is closed to zero, forming a volume with the same direction of swirl. The flow

condition on the surfaces is close to zero because of the boundary condition and has no surrounded swirl.

Conclusions

The external geometry of a housing unit determines the characteristics of the flow pattern, and its surroundings on a large
scale can change the surrounding environment. The bioclimatic design presents strategies with passive design elements to
reduce energy consumption and to maintain a constant temperature. The use air’s kinetic energy can decrease the total
energy consumption in social housing. The most conservative value mentioned is five percent. This amount may seem
negligible, but in social interest housing sectors, it represents meaningful savings. The proposed modifications can be made

with inexpensive technology.
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