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Abstract: The solar chimney is an innovation, which has been as of now demonstrated of being able to create electrical
vitality from the sun likewise it has been introduced in different structures for ventilation, and next to no is thought about their
genuine presentation and very panics are the application. This research work deals with the development of a physical,
mathematical and computational models of roof solar chimney to rationalize the performance of ventilate in residential house.
A thermal model enables to easily determine the inclination angle, absorber area, cavity width of the chimney and the air flow
rate, using MATLAB. The simulation has been done for selected residential house of 264m? located at Bahir Dar city, Ethiopia
@ 11° latitude and 37° longitude. At comfort air speed (2m/s), a south faced system being tilted at an angle of 45° will have
absorber length, the absorber height and cavity width about 3m, 4.24m, and 0.5m respectively. This will enable the residential
house to circulate the air 560kg per hour. The maximum air temperature obtained at chimney outlet is 44.5°C. For a month of
April an average solar intensity value is 900 W/m®. The main factor to induce buoyancy is solar insolation since it directly
influences the air temperature, and the efficiency is about 44.4%.
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1. Introduction

Nowadays people spent most of their time on working and
living in buildings, therefore ventilation is very important to
maintain the indoor environment in a good air quality and
temperature. In order to achieve this, solar chimney is cleaver
device and has been employed in a building using sustainable
energy source (Sun) to heat up the air temperature. Solar
chimney works in the physical phenomenon of buoyancy, in
this case located on the top of the roof. The possible size
(height, width and cavity width) will estimate using
simulation. The front is a transparent glass and the remaining
faces are blacked out to absorb heat. Thus, converting solar
energy into kinetic energy of air to heat and move upward in
the channel to create natural draft. Therefore, chimney
system has the potential advantages over mechanical
ventilation systems in terms of benefits of environmentally
friendly and energy cost. Prior research tries to indicate solar
chimney concepts as a means of passive building ventilation,
[3]. In their study presented the study of Experiment and
CFD simulation and conclude how solar chimney is suitable

to achieve natural ventilation with good performance [8],
studied mathematical and numerical modeling airflow model
of the solar chimney in the cooling tube and solar chimney
system has been developed. [11], Modeling natural
convection in a heated vertical channel for room ventilation,
Building and Environment studied using experimental and
mathematical modeling, results that buoyant airflow within
the chimney is possible and the variation of air temperature
elevation with insolation is minimal while the chimney gives
better performance where lower values of solar radiation.
[14], Thermal performance of atria: An overview of natural
ventilation effective design and simulation on eight story
office building, experimental model and CFD simulation of
atrium with a medium size outlet of 5.2cm and a small inlet
size of 2cm has becomes the most effective configuration
with regards to the ventilation rate in the proposed office
building. [17], study effective solar chimney cross section
and simulation result gives effective width gap for 36m’
room ranged from 0.6m to 1.0m while the length from 1.5m
to 2.0m, then results the induced air speed ranged from
0.04m/s to 0.223m/s. Studies demonstrate the using of solar
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chimney and declaring that solar chimney can provide air
flow and get adequate natural ventilation in a building. Prior
researches need modification in order to implement in
already existing buildings and also in Ethiopia it is not
common practice designed a building with which natural air
circulation. The main objective of this research is to develop
mathematical model of solar powered buoyancy driven solar
chimney subjected to the demands of the wvilla house
ventilation with total size of 264m’. Also, use of solar
chimney is suggested a modification as a roof top system, to
achieve this that mathematical model is established and
presented based on energy and mass conservation.

2. Methodologies

System design is started by studying the possibilities how
solar chimney is integrated to the existing building and look
the effect of each parameter of solar chimney sensitivity to the
performance during steady state condition in the first stages,
Figure 1 shows the flow diagram of the project procedure. The
parametric examinations utilized the basic climate
information condition for Bahir Dar city and acquired from
the run of the mill meteorological year (TMY) informational
collections of NASA, SWERA, NMSA just as surface
metrology and sun based vitality database (SMSE), so that the
ambient temperature is 34°C, relative humidity is 17% and
solar irradiation of 900W/m” during hottest period. So, that in
2" and 3" stage intensions are to study different parameters
that achieve compact and high-performance system, books,
journals and articles are reviewed in solar ventilation
technology to know current practice in different countries. In
4™ stage detail thermal analysis will be performed for
physically modeled solar chimney structure to determine the
thermal response of the system; this were solved numerically
by using Gauss- Seidel iterative method implemented in
MATLAB. The program calculates the chimney outlet air
temperature, mass flow rate/volume flow rate, air change rate
and system efficiency. In last stage simulation results are
discus how the solar chimney length, width and solar intensity
affects the performance. Followed by recommendations for
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Figure 1. Flow diagram of project procedure.

3. Physical Modeling

The proposed physical modeling describes the working
principles of solar chimney installed on the roof of the
building. For this innovation the chimney differs with
conventional one in that at least one face is made transparent
to allow solar radiation enters and heats up the black absorber
surface. The temperature of the air inside the solar chimney
channel rises due to heat transfer from the black surface wall
and resulting buoyancy and drives the airflow through the
channel. The chimney pulls air from inside building and
replaced by fresh air through doors, windows or vents. The
inclination angle of solar chimney and installation
possibilities (shown in Figure 2) influences the ventilation rate
efficiency. In the present research, the effect of 45° sloped
solar chimney has been examined in examined.
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Figure 2. Solar chimney Installation Possibilities and proper location in a Buildings (gash 1955).

The proposed schematic assembly drawing of the solar
chimney integrated with the building is presented in Figure 3,
the air enters to the chimney through a bottom inlet from
living space, the air then absorbs energy inside the solar
chimney and heated up by convection, finally, the air exits to
produce flow from living space to the outdoor due to

buoyancy effect.

The geometry of the solar chimney cross section (Figure 4)
described by its height, length and cavity width and this are
the critical parameters to optimize the effective dimension to
determine the performance of the system with recommended
air change rate.
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Figure 3. Schematic and side view of solar chimney subjected for ventilation of residential.

Solar

l;: ; Irradiation

Cavity air

\

Glass
C O\'CN

/7

Air inlet

Absorber wall

Air flow
5§ 174
Qutlet,Ao
g Hsi
Inlet Ai / Absorber |smﬂ
(®)

Y

Figure 4. (a) Solar chimney components, (b) Solar chimney cross section and parameters.

4. Mathematical Modeling and
Parametrization

Thermal Modeling

The main objective of the mathematical model is
determining the temperature of glass 7g, absorber wall 7iv and
air Tf, to determine effective dimensions of the chimney, to
predict comfortable air speed and to predict the performance
of the chimney. Energy and mass balance equations are used

During mathematical modeling the following assumptions
are made; the flow is steady state and one dimensional and the
velocity V and density p are constant over the area. The air
flow rate at the outlet opening for uniform air temperature at
which mass is flowing in and out of a control volume, setting
the net in-flow equal to the rate of change of mass through the
solar chimney analyzed with the assumption, n'is the air mass
flow rate (kg/s) that crosses the system as [5, 11] explored the
expression;

2gHsinB(T f—Ty)

for the analysis of the system given by: using thermal and m = Cyp,A, i (3)
mass balance. and can be seen as in the case of a compressible [1+(ap)?]Ty
Newtonian fluid. The volumetric air flow rate is thus:
dmcy _ o . :
P Yin M — Doue M @9)] V= C,A, 2gHsinB (T f=Tr) )
2T
And;

K or g ot or  or Where: A, = A,/A,, but since the system has similar inlet

koT _a, (0T L OT L 0T\ g . L

ootk + ( P 3y + az) .V (2)  outlet cross section the ratio is unity.
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Figure 5. Solar energy pathway (heat transfer process).

Then writing thermal (energy) balance equation for each component of solar chimney as Figure 5;
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At the glass:
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hr.wg (Tw - Tg) + hC.fg (Tf - Tg) = hr.gsky(Tg - Tsky) + hagwind (Tg - Tamb)

Solving for T,,

_ hrwgTwthepgT rthe gskyTskythe gwindTamb (5)

hr,gskythegwindhrwghec,fg

At the absorber wall:

Sw = hr,wg(Tw - Tg) + hc,wf(Tw - Tf) + Uw(Tw - Tamb)Sw = hr,wg(Tw - Tg) + hc,wf(Tw - Tf) + UW(TW - Tamb)

Solving for T,

k
_ SwthrwgTy +hc,waf_m(T—1,w_Tl+1.W)

B (hr.wg—hewa) ©
At the air at the cavity:
hew-r (Tw - Tf) + Gair = hesg (Tf - Tg)
Solving for T,
_ hewsTwHdairthergTy %

hC,Wf+hC,fg

The temperature of the absorber wall, the glass cover and the
air along the flow channel, are determined by arranging (4, 5, 6)
respectivley in a matrix form. Where solved numerically using
Gauss- Seidel iterative method implemented in MATLAB
software, expressed by. [A] [T] = [B]

Coefficents of various convective, conductive and radiative
heat transfer terms calculated as;

Convective heat transfer coefficients between absorber wall
and air:

Ny .k

hew-r ==~ ®)

Convective heat transfer coefficient from air to glass cover:

Ny

hep-g = o= ©)

Equation (8 and 9) then compute based on Nusselt number
which itself is get through experimental correlation and
depends on the Rayleigh Ra and Prandtl Pr number.
Churchill and Chu have recommended the following
correlation, which may be applied over the entire range of Ra:

When; 0 < Ra < 10° the flow is laminar and Nusselt
number has the form:

0.67(Ra)/*
[1+(0.492/P1)9/1614/9

N, = 0.68 + (10)

When; R, > 10’ the flow is turbulent and Nusselt number
has the form:

2

_ 0.387(Ra)1/*
N = [0'825 + [1+(0.492/Pr)9/16]3/27] (11)
Where:
— 3
Ra = 9B(Tr=Tf)L (12)

av

Cp q-lh
pr = ‘hate (13)
k 1
Where: v =42 g = =2 B ==
Pa PaCa Ty

Overall glass heat loss coefficient (U;): is the heat loss
coefficient from glass cover to ambient due to combined effect
of convention by wind and radiative heat transfer from glass
cove to the sky:

Ut = hc,g—wind + hr,g—sky (14)

Convective heat transfer coefficient from glass cover to the
wind: Convective heat transfer coefficient to the ambient is the
major heat lost parameter in solar chimney system. The
correlation depends on the features like wind direction and
average wind speed, this coefficient has the following form for
a windward and leeward surface principles to our problem area:

(15)

Radiative heat transfer coefficients between glazing and to
the sky: The radiation heat transfer coefficient from the top
glass surface to the sky referred to the ambient temperature is
obtained:

hc,g —wind = 5.7+ 3.8V

_ 2 2\ [ Tg=Tsk
Ry g—sicy = 0(Ty + Tsiey ) (Ty? + Ty ?) (rg-rimy,, ) (16)
Radiative heat transfer coefficients from absorber wall to
glass cover: the coefficient of radiation heat transfer between
absorber wall and glass cover may be obtained from the
following equation:

h _ o(Tw?+Tg®)(Tw-Tg)
rw—g — 1 1

(17)
Solar irradiation: so as to locate the solar energy vitality
falling on a surface having any direction, it is important to
change over the incentive from the sun to a proportional
relating to the ordinary surface. The total solar radiation is the
sum of beam, diffuse and reflected from the ground and the
surrounding on a surface. according to Gosh and Tiwari
(2008), the radiation heat flux absorbed by the blackened

absorber wall is given by:
Sw = Aytgay,l

(18)

And solar radiation heat flux absorbed by the glass cover is
given by:
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Sg = Agay,l (19)

The declination, &: Cooper has given the connection for the
declination through conditions, for given day of the year as
follows.

§ = 23.45%sin |22 (284 + d)|

365 (20)

Instantaneous efficiency: The instantaneous efficiency of
the chimney, 7; can then be deduced as: desire output /
required input or Energy Output / Energy Input,

n = CMQ“%”_HU*loo

IxL+xH

2

Energy input = Solar insolation data, I = Q;,, (kw)
Energy output = Mass flow rate x Specific heat of air x
Difference in Temperature (kw)

Qout =M x Cp x (Toye — T) (22)

Then the chimney outlet temperature and air change per
hour expressed as:

Toue =T + Dout

mep

(23)

3600 x Q 3600xpm
ACH = V_— f.0 (24)

~ Total Volume Vol

Number of air change rate per hour also called Air changes
per hour is a measure of the amount air removed from a space
divided by the volume of the space. It can be determined from
volumetric flow rate using the equation below.

5. Result and Discussion

The simulation was employed to optimize the parameters of
solar chimney length (L), cavity width (W) and height (Ha), to
calculate temperature of glass, absorber wall and cavity air
temperature, mass flow rate or ventilation rate and to predict
instantaneous thermal performance according to actual Bahir
Dar weather data and taking reference values for solar
chimney from proposed villa house as length 1 up to 8m,
cavity width 0.1 up to 0.5m and height is 4.24m. Figure 6,
gives the monthly evolution of average solar radiation at Bahir
Dar City. Note that the minimum of radiation is in July and
August at an average solar intensity value b/n 650 W/m? to
680 W/m? and the best solar radiation is in April and May
with a value of approximately 900 W/m? for the year of 2013.
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Figure 6. Monthly evolution of average solar radiation [for the year 2010-2013].

Figure 7, shows the results of mass flow rate for the
different value of solar chimney width and then plot them with
respect to the solar chimney length, from the graph conclude
that mass flow rate increases when correspondingly increases

the length and width of solar chimney. That means, Increasing
the length means, having wide absorber surface and it can
collect great amount of solar radiation.
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Figure 7. Mass flow rate (m ) for different values of solar chimney length and width.
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Figure 8, indicates that the volume flow rate for various
values of solar chimney length and width, it is nothing but
same as the result of mass flow rate and it is used to able to
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determine the air change rate ACH value and optimize solar
chimney dimension, at which value the system attain high
ventilation rate.

5 6 7 8

Length of solar chimney (m)

Figure 8. Volume flow rate (V) for different values of solar chimney length and width.
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Figure 9. Air change rate (ACH) for different values of solar chimney length and width.

Figure 9, Shows the result of the volume of fresh air
supplied for comfort ventilation, number of ACH within an
hour for various solar chimney length and width values. The
required size of the solar collector area for the solar chimney

will optimize depend on the required air change rate in a house.

because the air change rate affects the circulation and fresh
oxygen supplied for human comfort.

In the case of this paper, spaces occupied by in levels of
activities including kitchen service and toilet rather than low
level of living house. For the type of spaces, according to
Ethiopian building construction standard the possible value of
ACH is between 1- 2, by considering the worst case, taking the
maximum ACH 2. From the graph, for the simulation we have
three different possible solar chimney width values of 0.1,
0.25 and 0.5m. and the length varies from Im up to 8m
respectively. However, at ACH of 2 to use the smallest width,
it needs extended length of solar chimney more than the
specified size of the roof. So, the best fit is smaller solar
chimney length with higher width to give the maximum
possible ventilation rate for the selected house type. At the
value of ACH 2, the effective solar chimney length and width
will be 3.042 and 0.5m respectively. Figures 7 and 8§,

introduces at length and width of 3.042 and 0.5m, the value of
mass flow rate and volume flow rate will be: 0.1563kg/s
and 0.1497m3 /s, at absorber height and stack height of solar
chimney of 4.24m and 3.042m respectively.

Figure 10, demonstrates, the variation of the air temperature
at outlet with solar chimney length for various inlet heights
(cavity width). It is seen that for the narrowest cavity depth =
0.1m the air temperature at outlet varies only in small range
between 28.8°C and 31.7°C so, hard to achieve the required
temperature difference with the ambient. When the inlet
height increases to 0.25m, the air temperature greatly from
only 30.4°C to around 36.8°C and then shows some
temperature reduction occurs at outlet, the reverse flow
induces fresh air into the outlet that reduces the average air
temperature. When the inlet height increases to 0.5m and
above the highest temperature 44.5°C is obtained at 3m length.
Due to the occurrence of the reverse flow at the outlet the
temperature range curves down in small range after 3m.
According to material cost and simplicity 0.5m width, 3m
length and 4.24m height is the effective dimension to obtain
enough air temperature and suitable air velocity.
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Figure 10. Solar chimney outlet temperature.

Figure 11, shows the annual ventilation performance profile
of solar chimney model for three-years, solar radiation data at
Bahir Dar city collected 2011 up to 2013. As seen in the figure,
we note that the corresponding instantaneous solar chimney
efficiency approximately about 44% in April 2013, which
indicates, their maximum corresponds to the maximum value
of incident solar radiation. These parameters increase with the
flow rate increasing following the absorber wall surface size.

It is demonstrated that the impact of the occurrence sun
radiation is the significant parameter on vitality exhibitions
examination of the chimney and an ideal structure of the
sun-oriented stack length and the outside of the safeguard
divider. Since Ethiopia has gotten incredible measure of sun
radiation as appeared with three-year information, it is a
decent consent to acknowledge the structure.

45
44
43
42
41
40
39
38
37
36
35

——2011

Instantanious efficiency (n)

—4—2012 =—e—2013

RIS BRI
\@QQ? Q"O&% @’b& Y&
<

> <
%{Zﬁ N \3* °§) "N

X S S X
& & & &
P & Qé'so R
%Q;Q QO QQ;

Month of the year

Figure 11. Efficiency of the system for annual average daily solar radiations throughout the year.
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Figure 12. Hourly efficiency of solar chimney.

Figure 12, shows the daily efficiency profile of solar
chimney system with respect to highest average hourly solar

radiations intensity data for the month of April 2013. The
useful daily sunshine hours in Bahir Dar city is 8hrs, from the
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time frame of morning 09:00 am to 17:00 pm. As it is clearly
shown in the Figure, the efficiency 1is increasing
corresponding to increasing the time of the day and it becomes
maximum at 14:30 pm to 16:00 pm, then after it start drop due
to falling of the strength of sun energy.

6. Conclusion

The corresponding instantaneous solar chimney efficiency
is mainly influenced by the solar radiation intensity, solar
chimney parameters. To improve the efficiency of the system,
the temperature difference between the air inside the solar
chimney cavity with the surrounding must be high and this
comes from the solar radiation energy which heated up the
absorber wall results to rise the temperature of the air. To have
high temperature difference the length and height of solar
chimney absorber must be increased or to increase the
efficiency. Ventilation performance of solar chimney
throughout the year, and daily efficiency profile varies due to
the variation of solar radiation energy. In winter countries near
to equator such as Ethiopia receives great amount of sun
radiation. So, the efficiency reaches maximum while in
summer, the efficiency will drop since solar radiation can
directly influence the efficiency. Ventilation is achieved by
buoyancy effects built in a roof to ventilate a residential house
with a size of 264m’, located at Bahir Dar Ethiopia. Top roof
sloped solar chimney system where designed with keeping a
recommended comfortable air change rate (air speed) for
residential, the value selected for the house type is 2 and the
size of the solar chimney absorber length, height and cavity
width are optimized, the result is 3.042 m, 4.24 m and 0.5 m
respectively one of the beauty of this system in easy to
implement to existing buildings. All numerical calculations
are done for the month of April and the value is 900W/m’. The
mass flow rate and volumetric flow rate at the optimized
parametric dimensions of solar chimney are 0.1563kg/s and
0.1497m’/s. And the system efficiency for the month of April
is 44.4%, but it is various with time and throughout the year
because it is influential with the solar intensity. The proposed
mathematical model of rooftop solar chimney enables better
air circulation. This will significantly reduce energy bill; it is
ecofriendly from economic analysis the system can save
227.03ETB per year.

7. Future Work

To improve the precision of the model for the purpose of
residential passive ventilation the following matters should be
considered in the future work. In this study one of the
problems is that the system has not been assure to work with
24 hours, so transient analysis with some energy storage
mechanism should study to improve the performance and
allows keeping ventilation during part of the night. The study
also not considered detail physical properties and using
different solar chimney elements such as: different thermal
mass materials, various absorber wall tilt angel and
configuration. Also attaching an extension of sloped solar

Ventilation Performance Investigation of Roof Top Solar Chimney

chimney on the roof of building needs further study to the
appearance and aesthetic aspect.
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Nomenclatures

Cy Discharge coefficient

Cr Heat capacity of the fluid

Ha Absorber height of solar chimney (m)
Ry g Radiation wall - glass (W /m?2. K)

Radiative glazing - sky (W /m?2.K)
Convection b/n air - glass (W /m?. K)
Conv. b/n wall - ceiling (W /m?2.K)
Conv. b/n glass - ambient (W /m?2. K)

c,g_wind
Lhorizontats Radiation on horizontal (W /m?)
Lyerticats Radiation on vertical (W /m?)
q"” Heat transfer to the flowing air stream
m Mass flow rate
Sy Radiation on the glass cover (W /m?)
Sw Radiation on absorber wall (W /m?)
T, Ambient temperature (K)
Ty Temperature of air (K)
T Surrounding temperature (K)
T, Glass cover temperature (K)
T, Room temperature enters chimney (K)
T Temperature of air (K)
T, Wall temperature (K)
Toxy Sky temperature (K)
Greek Letter Symbols
ay, Absorptivity of the wall
Ty Transmitivity of the glass
¢ Latitude angle
a Thermal diffusivity
B Solar chimney slop angle
U Dynamic viscosity
Subscripts

Air

c Flow coefficient, dimensionless
cv Control volume
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