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AN ABSTRACT OF THE THESIS OF

Mazen Ismail Badawiyeh for Master of Engineering
Major: Applied Energy

Title: Natural Ventilation Induced by Trombe Wall using Basement Air

The aim of this work is to study the viability of utilizing natural ventilation using a
Trombe wall drawing fresh air from underground basement floor for indoor thermal
comfort in the dry desert climate. The fresh air is introduced at a low level to the
basement by means of an earth tube. A numerical model was developed that integrated
thermal models of the basement space and the occupied zone, and the Trombe wall to
predict the indoor air temperature and comfort conditions and to evaluate the energy
performance of the integrated system. The various sub-models were validated with
published data in literature.

The model was applied to a case study to assess feasibility of depending on natural
ventilation for comfort during the summer months in dwelling unit located in the inland
plateau of Lebanon. The simulation results showed that a thermally comfortable indoor
environment was attained for a large number of hours. During the sunshine hours,
thermal comfort conditions were maintained for about 58.3% to 83.3% depending on
the month of the year.
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CHAPTER 1

INTRODUCTION

With increased world population and human development, the energy demand
of the buildings is forecasted to continue rising around the world in the nearing decades
if measures are not strictly applied to reduce dependence on electrical energy (Xing et
al. 2011; Ibn-Mohammed et al. 2013; IEA 2013). The residential sector is considered to
be the third-largest major energy consumer in the world, accounting for 27% of the total
energy consumption (Laustsen 2008). Hence, energy effectiveness should be enhanced
by adopting policies to improve energy efficiency performance of building components
such as windows and heating ventilation and air-conditioning (HVAC) systems for new
and existing buildings (IEA 2013). On the other hand, relying on ventilation for cooling
and heating purposes could be a viable option for reducing energy consumption in

residential buildings.

Proper ventilation is a critical consideration for homes and buildings. Poor
ventilation can cause a buildup in indoor air pollutants like dust, pollen, mold, and
household chemicals. An efficient and reliable ventilation system works to remove
polluted air while continuously introducing fresh, clean air. Thus, the primary purpose
of ventilation is to provide acceptable indoor air quality and thermal comfort. Fresh air
can be introduced indoors by natural ventilation, mechanical ventilation or by an hybrid

combination of them.

Natural ventilation, relying on wind and thermal buoyancy as driving forces, is

surely not a new phenomenon or invention. However, the use of a mechanical driving
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force, i.e. fans, to drive the ventilation through a network of ducts has dominated over
natural ventilation in the twentieth century (Kleiven 2003). Mechanical ventilation has
offered a stable airflow, possibilities for air treatment (e.g. air conditioning) and allowed
heat recovery but on the other hand, it constitutes a great share of the building’s
construction and running costs (Wigginton and Harris 2002) and it tends further to
generate noise (both inside and outside of buildings) and is often difficult to clean and
maintain. This, together with an increased awareness of the environmental
consequences of a steadily increasing consumption of energy (Roodman and Lenssen
1995) has directed the focus on better building integrated and less energy consuming

alternatives (Ford 2002).

In the literature, there were many studies reporting the savings on cooling
energy that could be attained by using natural ventilation strategies as compared to
identical buildings for which mechanical ventilation systems were used. The primary
energy consumption of naturally ventilated office buildings in Denmark was compared
with mechanical ventilation systems and it was reported that naturally ventilated
buildings consumed 40 kWh/m? per year, whereas the mechanical systems consumption
varied from 50 kWh/m? per year for variable air volume system to 90 kWh/m? per year
for constant air volume system (Froland-Larson 2001). Moreover, studies conducted on
the 23-story Liberty Tower of Meiji University in Tokyo showed that about 17% of
energy consumption for cooling was saved by using the natural ventilation system
(Schulz and Eicker 2013). Unfortunately, one of the main drawbacks of natural
ventilation is that it depends on the outdoor conditions, which means that if the outside
air temperature is high, then there would be no possibility of taking advantage of this

system in this case however, it still be very useful in providing night ventilation.
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Nonetheless, the use of natural, mechanical, or even hybrid (natural and
mechanical) ventilation systems cannot always ensure thermal comfort conditions
throughout the whole year. Additional systems are sometimes necessary to aid in
providing acceptable thermal comfort year-round. One such system is the earth to air
heat exchanger (EAHE) which has been found to be the most common technique being
used by many researchers since the late 1970's and early 1980's in order to provide
passive cooling (EERE 2009). This technique was implemented in an office building in
Marburg in Germany (Voss et al. 2007; Spieler et al. 2000; Wagner et al. 2000), in a
school in Italy (Grosso and Raimondo 2008), and in a hospital building in India
(Badescu and Isvoranu 2011). Moreover, some researchers considered integrating the
mechanical ventilation with earth to air heat exchanger to increase the effectiveness of
ventilation during the day when the air temperature is high (Peretti et al. 2013).
However, these techniques are expensive as they require excavation of high initial cost
in addition to the fan cost. In this regard, there is a growing attention toward the
application of more passive techniques that do not require the high initial cost and can
be operated by solar energy such as: the Trombe wall and the solar chimney (Yuebin et

al. 2013).

Trombe wall and solar chimney are relatively similar. They are passive
building elements which rely on solar-induced buoyancy-driven convection. Numerous
studies and researches have dealt with the heating performances of passive solar
elements, but very little had been done to analyze their behavior in hot climatic
conditions. Yaghoubi and Sabzevari (1987) have presented a study on the summer
behavior of passive solar buildings in a hot arid region of Iran. Al-Motawakel et al.

(1987) have considered thermal performances of direct gain and Trombe wall under
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Yemeni conditions. Gan (1998) studied the ventilation of the Trombe wall using a CFD
numerical analysis in the aim of using it for summer cooling. On the other hand, Yuebin
et al. (2013) conducted a systematic study through three different experimental tests of
an existing test facility of a coupled geothermal cooling system with an earth-to-air heat
exchanger and a solar collector enhanced solar chimney in order to evaluate the
performance of the system in summer, in terms of passive cooling capability, active
cooling capability, and soil thermal capability. The results showed that the coupled
geothermal system was feasible to provide cooling to the facility in natural operation
mode free without using any electricity. Therefore, the solar chimney or the Trombe
wall can replace the assisted fan thus reducing the initial and the operational costs but

unfortunately, it still did not resolve the issue of expensive excavation.

In this study, it is proposed to utilize basement air to supply moderated
ventilation air by means of a vertical earth tube. The temperature of the captured
ambient air is dramatically dropped in view of the fact that basement acts as a cooling
source since it is surrounded by the soil. Moreover, the moderated air from the
basement is introduced by pressure difference to condition the living space using a
Trombe wall that acts as an alternative to the fan. This wall generates the buoyancy
force needed to draw the cooler air from the basement. Note that the solar radiation for

the proposed system has a significant effect on the induced air mass flow rate.

The capability of utilizing natural ventilation in a typical dwelling unit with a
basement, located in the inland plateau of Lebanon, was investigated using an integrated
numerical model of the spaces and subsystem involved including the ground thermal

response and the Trombe wall. The effectiveness of natural ventilation in achieving



thermal comfort is determined through the reliability of the proposed system in
providing thermal comfort without having to rely on mechanical cooling during summer

months for a case study in inland plateau in Lebanon characterized by dry hot climate.



CHAPTER 2

SYSTEM DESCRIPTION AND MATHEMATICAL
FORMULATION

The proposed natural ventilation system is shown in Fig. 2.1 where outdoor air
is first brought into the basement space where it exchanges heat with the cool basement
walls, thus lowering its temperature. This cool air is driven upward into the living space

under the buoyancy effect of a solar heated Trombe wall.

The effectiveness of the proposed air conditioning system relies on several
factors: outdoor air temperature, solar heat flux and basement structure material and
dimensions. Mathematical models for the Trombe wall, the space, ground, and the
basement were developed, and then integrated for the purpose of predicting the indoor

living zone air temperature and evaluating the system energy cost.
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Fig. 2.1: Schematic diagram of the proposed system
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2.1. Trombe Wall Model

The Trombe wall model is based on steady state one-dimensional energy
balances performed on the glass cover, the air channel, and the absorber wall as
presented by Ong and Chow (2003) in order to predict the air flow rate generated by the
Trombe wall. To this end, the temperatures of the glass cover, the absorber wall, and the
air in the flow channel are needed. Accordingly, the lumped system analysis for the
glass surface temperature T, absorber wall Ty, and air temperature in the channel T¢
was adopted, where the steady state energy balances for the glass cover, the air channel,

and the absorber wall, shown in Fig. 2.2, were written as described in this section.

Sky
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_""///""— ANAN Y - IS
2 W ,I.ﬁ Air Flow m
Z o
é‘- > Ambient
Insulation 7 52 - Ta
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- L -
//; hrwg || Ty
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- — '
Tr hijéi w
A
2//// /d’m hg) Chwind [Ut]
e
Storage Wall fér
p
Air Flow m T Glass
A/
LY
Air_Channel |

Fig. 2.2: Physical model of the Trombe wall

The glass cover exchanges heat with the air channel and the absorber wall and

its energy balance is given by

a0 +h, (T, -T,)+h, (T, -T,)=U (T, -T,) (2.1.1)
7



where:

hg =0 (T +T)(T, +T,) /A e, +1/ £, -1) (2.1.2)

U, =Ny + s (2.1.3)

The convective wind heat loss coefficient, hying, and the radiative heat transfer
coefficient between glass cover and sky, hys, were calculated as presented by Ong and
Chow (2003). Whereas, the sky temperature (Ts) was estimated using the correlation
given by Swinbank (1963). In Eq. (2.1.1), the first term represents the solar radiation
heat flux absorbed by glass cover, the second term represents the radiative heat transfer
between the vertical wall and the glass cover, the third term represents the convective
heat transfer between the glass cover and the air channel, and the last term denotes the

overall heat loss coefficient from top of the glass cover.

In the air channel, heat exchange between the glass and the absorber wall takes

place as described by
h, (T, =T¢)=hy (T, =T,)+mc, (T, =T, ;) /WL (2.1.4)

The air mass flow rate was determined using the buoyancy-driven stack effect

equation presented by Allard et al. (1998) and is given by

- (2.1.5)

r

M= p.C.A (ZATgH]

where m is the air mass flow rate due to stack effect (kg/s); o, is the density
of air (kg/m®); Cqis the opening’s discharge coefficient (0.6 according to Flourentzou et
al. (1998)); A is an opening’s cross-sectional area (m?) (assuming equal opening area for

inlet and outlet); AT is the difference between indoor and air in channel temperature
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(°C); g is gravitational acceleration; H is the distance between the midpoint of the inlet
and the outlet (m); and T, is room air temperature (°C).
Similarly, the absorber wall exchanges heat with the air channel and the glass

and its energy balance is given by

Tawl :hW(TW _Tf)+hrwg(Tw _Tg)+Ub(Tw _Tr) (216)
where:
U, =1/Uh +d/k, +w._/k) (2.1.7)

In Eq. (2.1.6), the first term represents the solar radiation heat flux absorbed by
the vertical wall, the second term denotes the convective heat transfer between the
vertical wall and the air channel, the third term represents the radiative heat transfer
between the vertical wall and the glass cover, and the last term denotes the overall

conductive heat transfer between the vertical wall and the room.

2.2. Space Model

The objective of this model is to predict the temperature variations of the room
air. This requires the following information: the space dimensions, characteristics of the
construction materials, outdoor weather conditions, external and internal loads. Using
the lumped approach while neglecting infiltration, the expression for the internal

lumped air node energy balance is given by

oT (t :
prrCf ét( ) = ZiilhcrAi (TI _Tr) +MC; (Tba _Tr) +Zqint (221)

where: p,, V,, and c, represent air density, room volume and air specific heat

capacity respectively, Ajand T, are the surface area and the temperature of the room



elementi,m and T, are the mass flow rate and the temperature of the air supplied by

the basement. g, is the internal heat load.

However, the heat transfer by convection between room air and the space walls
depends on the temperature of the walls. Accordingly, the transient one-dimensional
heat conduction equation presented by Yassine et al. (2012) was adopted so as to
determine the space wall temperatures. The heat transfer through the absorber wall is
assumed one-dimensional while the storage effect is considered due to varying outdoor
conditions and internal loads. Thus, the heat conduction across the absorber wall is
given by

o0°T oT

k, S —p.c,
W6x2 pwwat

=0 (2.2.2)

The temperature of the outer (hot) surface of the wall determined by the
Trombe wall model was used to study the heat flow across the absorber wall. Similar
heat equations were developed for the upper space walls while imposing the appropriate

boundary conditions (Yassine et al. 2012).

2.3. Basement Model

The basement space model aims to define the temperature variations of the
basement air, Tya, OVer time. A dynamic heat balance equation of the underground space
presented by Kajtar et al. (2015) was adopted in this study. The heat balance of the

underground space is given by
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aTba (t)

ot = Qi) — G (1) — A5 (1) (2.3.1)

PV, Cy

where int) denotes the internal heat load in the basement including human,
light, and electrical equipment components and qy(t) defines the convective heat

transfer from the air to the wall and is given by
4
0, (1) = Y hy AT () -T,(x1) ) 2.3.2)
i=1

where Ajand T, are the surface area and the temperature of the room wall i.

The heat performance of ventilation (supply air) is given by

q,(t) =mhe, [T (0 -T, 1] (2.3.3)

wherem in (kg/s) and Tpain (°C) are the mass flow rate and the temperature of
the air supplied by the basement. T, in (°C) is the ambient temperature.

In this study, ambient air is supplied to the basement through a soil buried tube
at low level in order to prevent any air short-circuiting. Inside the basement, the ambient
air exchanges heat with the basement cool surfaces. The moderated air is used then to
condition the upper space as shown in Fig. 2.1.

The temperature of the heat sink is very important for determining the amount
of heat that can be lost by the basement walls. Thus, the vertical temperatures
distribution of the ground were modeled using the correlation provided by Labs and
Cook (1989) who found that the temperature of the ground is a function of the time of

year and the depth below the surface as follow:

T 2r z | 365
T (zt)=T._ . —T. xexp(-z X COS(e (b — by —— | —)) (2.3.4
50|I( ) p p( 365X0£) (365( y hift 2 7Z'><a)) ( )
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where Tsii(z,t) is the soil temperature at depth z (in m) on day t of the year;
Tmean IS the mean annual ground temperature (in °C); Tamp is the annual temperature
amplitude at the surface (z=0, in °C); z is the depth (in m); tyear is the time of the year
(in days); tshirt Is the phase constant, the day of minimum surface temperatures; a is the
thermal diffusivity of the soil (in m? per day).

Eq. (2.3.4) was used to determine the temperature of the soil underneath the
basement's floor, while an average temperature must be used for the earth-contact wall
profile since the wall realistically extends for several meters in the soil, where the
temperature changes with depth. Therefore, the average temperature of any specified
wall profile, ranging from the top of the wall at depth a to the bottom of the wall at
depth b, can be determined by integrating Eq. (2.3.4) with respect to depth and dividing
by the height of the profile (b-a). Accordingly, Eq. (2.3.4) can then be expressed as

presented by Al-Temeemi and Harris (2003)

T | 2 |
T (a-bt)=T _+ e exp(-z coS(—(t, —t, —7.|]——
sml( ) mean 2(77/365(1)(8.—b) X p( 365><0[)>< (365( year  “shift 365><a))

The values from Eq. (2.3.5) were used for the outer boundary temperature

" (2.35)

b

conditions for the simulation of the below grade wall section using the same transient
one-dimensional heat conduction equation that was adopted for the absorber wall. The
basement model assumes that the temperature of the soil changes in accordance with the
change of season. This change means that a certain delay and damping in soil
temperature takes place as depth of soil increases. The amplitude of the temperature
change is 0.6 °C in the depth of 8 m and 0.2 °C in the depth of 10 m (Kajtar et al. 2015).
The location of the underground space under the earth's surface determines the sizing

soil temperature. Further, the heat capacity of the soil is considerably higher than that of

12



the air. Thus, according to these aspects, the soil temperature can be considered to be
quasi-stationary. Moreover and due to the high thermal inertia of the soil, the
temperature fluctuations at the surface of the ground are decreased as the depth of the
ground increments. Accordingly, daily ground temperatures were considered rather than
hourly ones (Florides and Kalogirou 2004). The soil is assumed a homogeneous
material in terms of heat transfer properties with its resultant thermal characteristics
(Kajtar et al. 2015).

The humidity load of the underground space was negligible, thus the air
exchange happens at constant absolute humidity. For this situation, the absolute
humidity content can be viewed as equivalent to the absolute humidity content of the
supply air. The concrete walls were considered to have similar thermal characteristics as

the soil (Kajtar et al. 2015).

2.4. Thermal Comfort Model

Several studies introduced different thermal comfort models (ASHRAE standard
55 1992; Fanger 1970; Kruger 2008; Zhang et al. 2010). Moreover, ASHRAE standard
55 (2001) addressed a new adaptive comfort model for buildings that rely on natural
ventilation. To this end, this standard was adopted in this study since no mechanical
system is being used.

The outdoor climatic environment is characterized in terms of mean outdoor dry
bulb temperature T,ou. The optimum comfort temperature, Teoms, IS then calculated
based on mean T, o, and is given by

T

=0.31xT, . +17.8 (2.4.1)

comf a,out

where T, ouand Teomsare expressed in °C.
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The next step was to define a range of temperatures around T¢oms COrresponding
with 80% thermal acceptability as per the new adaptive comfort standard for ASHRAE

standard 55 (2001).

14



CHAPTER 3

NUMERICAL SIMULATION METHODOLOGY

This study used numerical finite difference method in order to predict the
performance of the integrated system shown in Fig. 2.1. All the equations and the
subsystem models that were presented earlier are coupled together using an implicit
first-order time integration scheme and second order spatial discretization for the wall
nodes so as to get the full model that evaluates the effectiveness of the proposed system.
This was achieved by presenting the mathematical models for each of the Trombe wall,
the space, the adjacent ground, and the basement model and integrating these models
into one model that included all the physical parameter and schedules of the integrated
zone. Input data for geometry, boundary and initial conditions were compiled for the
following models: the Trombe wall parameters, the space and the basement dimensions,
the construction materials characteristics, external and internal loads, and the outside
climate conditions. The integrated model is capable of determining the amount of
ventilation air that can conceivably give indoor thermal comfort for longer periods and
hence minimize the number of discomfort hours.

Equation (2.2.2) was solved numerically using fully implicit finite-difference
form. The considered scheme is first order in time and second order in space where each
wall layer was decomposed into a number of control volumes. The total number of
nodes used was 70 nodes. The integrated model was developed using MATLAB® and
then simulated to obtain the indoor zone thermal comfort when subjected to variable

external and internal loads as indicated in the flow chart (see Fig. 3.1).
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Fig. 3.1: Numerical model flow chart

Starting from the temperature of the outer (hot) surface of the absorber wall
determined by the Trombe wall model as a boundary condition, and using a time step of
360 s, the inner surface temperatures of the absorber wall as well as the space walls
were computed. Simulations are performed for a typical summer day of each month

(June through September) to obtain the effectiveness of the proposed system in
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providing thermal comfort throughout the entire day. At the end of the 24 h operational
period of each month, the initial conditions were recalculated and used as input in the
cyclic simulations until steady periodic convergence was achieved. The criterion for
convergence is reached when the maximum percentage error for air temperature
between the simulation values at time t and t + 24 h is less than 10 *%.

The flow chart shown in Fig. 3.1 summarizes the path followed to calculate the

needed output from the developed model.
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CHAPTER 4

VALIDATION OF THE TROMBE WALL MODEL

The developed Trombe wall mathematical model was validated against
published experimental results (Kongduang 1997). In the description of Kongduang’
experiment, a small model of a solar house with 2.68 m height and base area of 3.35 x
3.45 m was built. It had one window and one door with an air grille on the north side. A
metallic solar wall (MSW) was integrated to the south wall of the house. The other three
sides of the house were made of plywood and gypsum plate. The roof was made of
CPAC Monier concrete tiles (33 cm x 42 cm x 1.5 cm) in a dark red color. The floor
was made of plywood supported by concrete beams. The MSW was 1 m wide and 2 m
high. It consisted of zinc plate, micro-fiber and plywood with thickness of 0.7, 25, and 4
mm respectively. Its outer surface was painted matt black and covered with commercial
glass of 5 mm thickness. A pair of centered vents, 25 cm x 5 cm each was located at the
bottom of the metallic plate (room side) and another pair near the top of the cover.
There was an air gap between the wall and the cover. The reported design of MSW
allowed varying the height (1-2 m) and air gap (10-14.5 cm). A set of type-K
thermocouples were used to measure the temperature at several points of the MSW and
at six points inside the room elevated 1 m from the floor. Measurements were taken for
different gaps (10-14.5 cm), different heights (1-2 m), and different mean solar

intensities (385, 406, 422, and 535 W/m?).

The experimental investigations of the performance of the MSW showed that
with 2 m height and 14.5 cm gap, the MSW would produce optimum natural ventilation.

Accordingly, the developed Trombe wall mathematical model was validated against the
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experimental data of the MSW presented by Kongduang (1997) under similar optimum

setups.

Several inputs were used in order to run the developed Trombe wall model such
as: the hourly variations of the ambient air temperature on the day of the experiment
(see Fig. 4.1(a)), the hourly profile of the solar radiation, the physical and thermal
properties of the MSW and the glass cover, properties of the air, the dimensions of the
vents, and the air gap between the wall and the glass cover. Relevant parameters used
for the calculations are summarized in Table 4.1. Note that the room temperature profile
was given and It was similar to the profile of the ambient temperature on the day of the
experiment. Also, the hourly profile of the solar radiation in Bangkok was generated so
as to end up with the same given mean on the day of the experiment. Moreover, the inlet
temperature of air in the channel was assumed to take place at room temperature. The
developed Trombe wall generates the hourly temperature variations of each component
of the MSW (cover, air and metallic plate) as an output. In addition, it gives the hourly

variations of the air mass flow rate produced by the MSW.

Fig. 4.1(a) shows a comparison between simulated and measured temperatures
of metallic plate, Tr,, and air gap, Tr. The two profiles were relatively identical except in
the afternoon where the metallic plate temperatures were slightly underestimated and
the temperatures in the air gap were overestimated a little bit. Fig. 4.1(b) shows a
comparison between simulated and experimental air mass flow rate produced by the
MSW. The difference between the simulated and published measured results of
Kongduang (1997) was about 9%. The good agreement with measured published results

validated the current developed Trombe wall model.
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Table 4.1: Metallic solar wall (MSW) parameters (Kongduang 1997)

Parameter Value
Absorptance-transmittance product (za) 0.682
Plywood thermal conductivity, k, (W/m-K) 0.138
Micro-fiber thermal conductivity, ki, (W/m-K) 0.0324
Zinc thermal conductivity, ky, (W/m-K) 112.2
Plywood surface emissivity, &y 0.9
Metallic surface emissivity, &n 0.6
Glass surface emissivity, &c 0.94
Discharge coefficient, Cq 0.8
Air gap (cm) 145
MSW height (m) 2
Zinc plate thickness (mm) 7
Micro-fiber thickness (mm) 25
Plywood thickness (mm) 4
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Fig. 4.1: (a) Comparison between simulated and measured temperatures of metallic
plate and air gap and (b) Comparison between simulated and experimental air mass flow
rate produced by the MSW with 14.5 cm air gap and 2 m height (Kongduang 1997)
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CHAPTER 5

CASE STUDY

A small isolated single living room unit with a basement was considered as a
base case in the assessment of the performance of the proposed natural ventilation
system described prior in this study (see Figs. 5.1(a) and 5.1(b)). This unit was assumed
located in the inland district (zone 3) of Lebanon. It had a rectangular shape with a base
area of 6 m x 5 m and a ceiling of 2.8 m height. It is exposed to the outside from two
sides. The external walls are made of 15 cm hollow blocks with 1 cm of mortar cement
plaster on the interior and exterior side of the wall. The roof is insulated and built of 20
cm reinforced concrete with 1 cm of mortar cement plaster on the interior side. This is
typical Lebanese building materials. The external walls had an overall heat transfer
coefficient of 2.36 W/m?-K and a heat capacity of 1200 J/kg while the roof had an
overall heat transfer coefficient of 1.67 W/mz2-K, which is typical for urban residential
apartments in Lebanon (Republic of Lebanon Ministry of Public Works and Transport
2005). A basement space of an area of 6 m x 5 m was located underneath the living
room unit and immersed to a depth of 2.5 m in a sandy clay loam soil that had the
following thermal characteristics: thermal diffusivity of 0.316 x10® m?/s, thermal
conductivity of 0.503 W/m-K, and heat capacity of 1.59 x10° kJ/ m*.K. The basement
walls were all made of 20 cm reinforced concrete with 3 cm cement plastering as an

interior finishing, whereas the basement floor was made of concrete tiles.

The internal load component was based on the occupancy schedule of a typical
Lebanese family consisting of six persons (Republic of Lebanon Ministry of Public
Works and Transport 2005). Figs. 5.2(a) and 5.2(b) demonstrate the schedule of
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occupancy and the schedule of the electrical load in the living zone during the sunshine
hours respectively. The electrical loads were 10 W/m? of sensible load for lighting
fixtures and 800 W for appliances. This schedule was considered for the summer time.
The weather data (outdoor air temperature, solar radiation, wind speed and relative
humidity) was obtained from the Advancing Research, Enabling Communities (AREC)

that was used by Fawaz et al. (2013).

Trombe wall is integrated into the south wall of the living space as shown in
Fig. 5.1(b). A masonry wall of 0.4 m thickness, coated with a dark, heat absorbing
material and covered by a double layer of glass, placed from about 0.3 m away from the

masonry wall was selected. The detailed parameters of Trombe wall are listed in Table

5.1.
(@) ® [
Living Space uﬂ" Ef: Living Space T
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Fig. 5.1: Cross section of an isolated living space with a basement (a) for a
typical construction and (b) when integrated with Trombe wall
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Fig. 6.2: (a) Schedule of occupancy and (b) Schedule of electrical loads inside
the living space during sunshine hours

Table 5.1: South-oriented Trombe wall parameters

Parameter Value
Absorptance-transmittance product (za) 0.728
Wall thermal conductivity, k, (W/m-K) 1.8

Insulation thermal conductivity, ki, (W/m-K) 0.032

Wall emissivity, &y 0.2

Glass surface emissivity, &g 0.75
Discharge coefficient, Cq 0.6
Air gap (cm) 30
MSW height (m) 2.8

Wall thickness (mm) 400
Insulation thickness (mm) 50

The developed model includes all the physical parameters and schedules of the

integrated zone and it provides the cooling requirements for the space that define the
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required values of the system variables to achieve thermal comfort. The objective of this
study is to show the benefits of the integrated system in reducing the cooling energy

needs and enhancing thermal comfort.

5.1. Comfort and System Performance of the Case Study

The main purpose of utilization the Trombe wall in this study was that it
generates the buoyancy needed to draw the cooler air from the basement as mentioned
earlier. But to do so, Trombe wall needs sufficient solar energy in order to heat the
absorber wall that drives the stack effect without increasing the room temperature. This
was the case during the sunlit hours. However, during night when solar energy is not
sufficient to activate the Trombe wall and to drive the basement air, a mechanical fan
operating at the minimum outdoor air requirements of 15 cfm (7.5 L/s) per person for
ventilation of residential facilities as per ASHRAE standard 62.1 (2004) was utilized in
order to moderate the temperature of the space and to prevent overheating.

Simulations were performed for the case study described in the above section on
a representative summer day, i.e. the 15" of each month (June through September) for
the Bekaa region that is situated in East of Lebanon in order to examine the
effectiveness of the proposed system in providing thermal comfort throughout the
summer time. In order to obtain accurate results independent of the initial conditions
assumed for the room air and wall temperatures, simulations were performed for 3
consecutive days, and the data for the third day were adopted in the analysis.

In Fig. 5.3(a), the relationship between the ambient temperature, the indoor
room temperature, and the basement temperature during the month of June is given

while the resulting air mass flow rate for this month is shown in Fig. 5.3(b). In the same
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manner, the relation between temperatures and the induced air mass flow rate for the
months of July, August, and September are shown in Figs. 5.4(a), 5.4(b), 5.5(a), 5.5(b),
5.6(a), and 5.6(b) respectively.

For the month of June and during the natural cooling mode, Trombe wall was
operational for the sunshine hour extending from 7 h to 18 h and it was very clear from
Fig. 5.3(b) that the induced air flow rate increased with increasing solar radiation, that
definitely expanded wall heat gain, and it was noticed that the airflow rate varies from
0.0407 Kg/s to maximum of 0.0972 Kg/s during this month. Moreover, it was found
that the lowest value of the ventilation air was occurred during this month at 18 h where
the solar intensity was relatively very low (324 W/m?), and it was close to 0.0407 Kgls.
However, during the forced airflow mode, external air was drawn into the living space
using a constant speed fan that was turned on continuously at a constant air flow rate of
0.04 Kg/s. This can provide sufficient rates of air movement in the living space (about
1.4 ACH) which complies with the minimum outdoor air requirements for ventilation of
residential facilities recommended by ASHRAE standard 62.1 (2004) (see Fig. 5.3(b)).
Note that during the forced airflow mode, the basement was treated as a closed system
thus, no air flow was coming into it or getting out of it.

For the remaining summer months (July through September), similar air flow
rates trend was noticed (refer to Figs. 5.4(b), 5.5(b), and 5.6(b)) providing that the peak
value of the ventilation air was occurred in August at 12 h during the daytime when
high solar intensity was strong enough (1258 W/m?), and it was close to 0.1023 Kgfs.

The comparison of ambient, basement and room air temperature during the
month of June is shown in Fig. 5.3(a). It can be seen from this figure that under the

natural airflow condition, the supply basement air temperature was almost in the range
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of 19-26.9 °C where the outdoor air temperature was following the shown temperature
profile (refer to Fig. 5.3(a)). The difference between the ambient and basement
temperature was in the range of 1.3-7.2 °C. Furthermore, It was noticed that the room
air temperature fluctuated in a range of 22.7-30.1 °C. Accordingly, and based on the
acceptable operative indoor temperature ranges that were determined for each month as
recommended by the new adaptive comfort standard for ASHRAE Standard 55 (2001)
(see Table 5.2), only 2 discomfort hours (occurred between 13 h and 15 h) were resulted
during this month. Note that the mean outdoor air temperature was evaluated for the
whole month and not for the typical day considered in order to determine the acceptable
operative indoor temperature ranges. It worth pointing out that the main reason behind
the noticed discomfort hours is that the supply basement air temperatures were not cool
enough to moderate the indoor air temperatures as a result of the high ambient
temperatures during these hours. On the other hand, during the night and until the
sunrise, the assisted mechanical fan was turned on at the constant air flow recommended
by ASHRAE standard (2004) and it was bringing outside air directly to the living space
unlike the Trombe wall that was bringing basement air into the space. Thus, the pattern
of the supply air temperature changed after the forced airflow mode was initiated for the
period hour extending from 19 h to 6 h with the supply ambient air was in the range of
12.1-31.2 °C (see Fig. 5.3(a)). Besides, It was noticed from the profiles of the basement
and the ambient air temperature that there was a big gap between the two profiles during
the sunshine hours when the basement was treated as an open system and this is mainly
due to the much greater (approximately 1325 times) heat capacity of the sandy clay

loam soil as compared to air (1.59 vs. 0.0012 MJ/ m*-K). However, this gap became
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smaller during the night when the ambient air temperature was gradually dropped (refer
to Fig. 5.3(a)).

Similar behavior was observed for the rest of the months (July through
September) as shown in Figs. 5.4(a), 5.5(a) and 5.6(a) where 3 discomfort hours
(occurred between 11 h and 14 h) were resulted during July as compared to 5
discomfort hours (occurred between 11 h and 16 h) during August, and 4 discomfort

hours (occurred between 11 h and 15 h) during September.
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Fig. 7.3: (a) Predicted temperatures and (b) induced air mass flow rate in the
living zone during June
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living zone during July

Proceeding from the above results, the number of discomfort hours occurred

during each month were multiplied by the number of days in each month to determine

the monthly number of discomfort hours in the living space as shown in Fig. 5.7. Thus,

for the sunshine hour period extending from 7 h to 18 h (natural airflow mode), the 80%

acceptable thermal comfort condition can be provided for about 83.3% during month of

June, 75% during July, 58.3% during August, and 66.7% during September. To further

enhance thermal comfort inside the space and to reduce the discomfort hours to zero,
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the ceiling fan was activated when the temperature inside the space increases beyond

the maximum acceptable operative indoor temperature for each month as described in

Table 5.2 (see Figs. 5.3(a), 5.4(a), 5.5(a) and 5.6(a)).
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Table 5.2: Required indoor operative temperature limits for naturally ventilated
spaces in Lebanon (zone 3) as per the new adaptive ASHRAE standard 55 (2001)

Month June | July | August | September
Mean Monthly Outdoor Air Temperature (°C) | 27.7 | 30.1 29.8 27.3
MIN 22.8 | 235 23.4 22.7
80% Acceptability
MAX 29.8 | 305 | 304 29.7
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Fig. 11.7: Number of discomfort hours for 80% acceptable thermal comfort
condition in the living zone during the sunshine hours (June through September)

Moreover, these results were benchmarked with a similar study conducted by
Yassine et al. (2014) where an earth to air heat exchanger (EAHE) was used as a
cooling source and it was noticed that the two systems had almost the same potential in
providing indoor thermal comfort for the whole occupied period in the living zone.

In conclusion, the results showed that the proposed system in this study was
capable of coping with internal heat gains of the typical residential house in Lebanon. It
reduces the cooling energy demand. The savings in electrical power were calculated in
terms of the energy needed for using a mechanical fan to maintain the same thermal
comfort level attained by the proposed passive system during the natural airflow period,
providing that the mechanical fan will be bringing more outside air than the basement
air brought by the Trombe wall to result in the same room air temperature. The needed
fan power was calculated based on the affinity law. Note that the ceiling fan power was

not considered as it kept as an option to further enhance thermal comfort. Fig. 5.8
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demonstrates the energy savings attained in the living zone when adopting the proposed
system. The highest energy saving was reached during the month of August with 36.43
kWh while it reached its lowest value during the month of September with 14.92 kWh.

In June and July, the energy savings were found to be 27.5 and 31.47 kWh respectively.
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Fig. 12.8: Energy savings in the living zone during the sunshine hours (June
through September)

5.2. Economic Analysis of the Proposed System vs. a Mechanical Ventilation
System

In order to estimate the economic feasibility and efficiency of the proposed
system, it was compared to a mechanical ventilation system, as mentioned earlier, that
can attain the same indoor conditions as that of the proposed system with the condition
that mechanical ventilation rates should be increased to match the indoor comfort level

resulting from the Trombe wall driving the cooler air. If a mechanical ventilation system
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is to be considered, the total electric energy consumption of the ventilation fan over a
period of 4 months (June through September) was estimated to be 110.32 kWh. The
cost of electricity in the inland district (zone 3) of Lebanon is estimated as 0.13 $/kWh.
Therefore, the cost of electricity consumption by the mechanical ventilation system over
the operational period of 4 months per year is calculated to be $14.3. As for the
proposed system, the incremental cost of adding glazing cover window in front of the
wall with the required vents and dampers was considered. Ultimately, the average

completed Trombe wall costs $119. Hence, the payback period is about 8 years.
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CHAPTER 6

CONCLUSION

This paper integrates Trombe wall, space, and basement models into one
model. It was shown that using the proposed system was possible as a means of natural
ventilation of a house with a basement, but there should be through study in the details
of the house as well as its surrounding area so that the proposed system can work at its

highest efficiency.

Through simulation, the integrated model showed that it can reduce
significantly heat gain in the house by developing air circulation to provide indoor
thermal comfort for longer periods thus, reducing the discomfort hours. The proposed
system showed that it is promising in saving energy while attaining the thermal comfort
needed and it was economical due to little cost of materials used. Also, the passive use
of solar energy is energy efficient. The described passive system presented here could
also be used with reverse function, i.e. to admit ambient air and to inject hot air into the

house in cooler regions to provide heating during winter.
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