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Abstract. The present work aims to develop a computationalehéor the analysis of turbulent flow in an
inclined passive wall solar chimney attached taam, where solar radiation affects this wall, hegtthe air
and generating its movement inside the chimneycamdequently in the attached room. The flow is #dahi
turbulent, incompressible, with heat transfer byunal convection and it is analyzed in the transiegime in
a two dimensional domainThe conservation equations of mass, momentum apdyyerequations are
numerically solved by the finite volume method gisive FLUENT software. The standard frbulence model
was used to reproduce the airflow turbulence inchenney. The simulations were carried out usiragpastant
heat flux of 1000 W/m?, absorber wall height # 2.5 m and chimney inclination of 4° with the tied
direction. An investigation of grid and time-stemsibility was performed and independent grid antketstep
were used to obtain results of mass flow rate ematiached room. Results obtained with the presenterical
model were in close agreement with those obtainetthé literature. This problem was also analyzed in the
steady state, but without obtaining results clasthbse already published.

Keywords: Solar Chimney, Numerical Investigation, FLUENTt®afe, Natural Ventilation.

1. INTRODUCTION

Global warming is a widespread issue and it is kmtivat the temperatures on the planet are incrgasiary
year. The 1990s and 2000s were the warmest ofagtel|000 years, according to the website of thigoNal
Institute for Space Research - INPE (2019). Acewydio the same website, the projections of the
Intergovernmental Panel on Climate Change - IPQZ#&te that in the next 100 years there may banenease
in the global average temperature between 1.8°d3df C. The use of air conditioning has beconsermtgal in
hot regions as the Middle East, despite the faat tonventional air conditioning units consume nafsthe
energy required by buildings and generate harndalgmissions (Reda et al., 2015; Peixoto et a@d5Rd his is
also a reality in Brazil, where there is an incee@s demand and air conditioning installations gvgear,
generating more environmental impacts and greatesuomption of energy, i.e., leading to great expdosthe
consumer.

Added to this, the concern with a sustainable lngidintil a few years ago was practically null.general,
most residential buildings are designed and coaot&du considering only economic and functional issue
without a comprehensive awareness of the envirotahand energy consumption implications (Abdeenlgt
2019). Gradually, this has been changed in Bri#ribugh legislation and a greater awareness oheegs and
architects when designing homes and buildings. Withe aspects considered in sustainable building,the



M. R. Ledo, L. A. Isoldi, L. A. O. Rocha, E. S. D. Estrada and E. D. dos Santos
Development of Computational Modeling of a Solar Chimney Attached to a Room for Natural Ventilation

demand for naturally ventilated environments, segka reduction in the dependence on the use of air
conditioning and consequently a lower power congionpand less expense to the consumer. Therefola;, s
chimneys show a promise technique for the enhanceafi@ir movement in naturally ventilated buildéngsing
renewable and clean sun energy (Abdeen et al.,)2019

Several studies concerning solar chimneys have bagied out over the years in order to find a way
improve the mass flow rate in the room attachethéochimney. For instance, Abdeen et al. (2019)exhout
an experimental and numerical study in the hotaea$ Egypt with the objective of enhance thernmahéort in
the attached room and found as the best configurati solar chimney with 1.85 m high, 2.65 m wid&; 7
inclination angle and 0.28 m air inlet openingaltidition, authors verified, through sensitivity bisas, that the
chimney width is the most influential parameter &melchimney height has a negligible effect. Thep @roved
the effectiveness of the configuration found by Igipg average values of solar radiation of 500 W/@B0
W/m2 and 850 W/m?, obtaining 0.28 m/s, 0.47 m/s ar&?2 m/s of air velocity in the internal environmbe
which guarantees the gain of thermal comfort ferdbcupants.

In another study carried out in winter in Egyptr&geldin et al. (2018), proposed an optimizatiothefsolar
chimney coupled to an earth-to-air heat exchanB&HE) in order to heat the internal environmentsiits
found showed that the ideal angle of inclinatiomithe range of 30° to 35°. Moreover, the heighhe range of
1.94 m and 1.97 m, the width between 0.92 m an@ th%nd the air gap between 0.19 m and 0.23 m were
recommended. Authors also performed sensitivityyaea where it was found that the EAHE exchangpe pi
diameter is the most sensitive parameter, followgdchimney height and EAHE inlet height and positio
Khanal and Lei (2012) found that a reverse flowurscat the exit of the solar chimney when the ttarm
boundary layer thickness is smaller than the gir walth at the chimney exit, resulting in a redontin mass
flow rate. As a solution to suppress this revetew fand increase the mass flow rate, they prop@sedw
concept of solar chimney, named Inclined Passivé 8édar Chimney (IPWSC).

Khanal and Lei (2014) studied experimentally thé&/BC type of solar chimney, where its effectivengas
verified through the application of heat flux frdr@0 W/m?2 to 500 W/mz2 in an absorber height of 0, base air
gap width of 0.1 m and inclination variation from® @ 6°. The experimental results are supported by
shadowgraph and smoke flow visualizations. In shigly, the authors were able to verify that thevfleelocity
is strongly affected by the angle of inclinationtbé wall while the temperature field was insemsitas this
angular variation occurred. They also visualizeduansual behavior for the temperature data at tiwarey
exit, due to the presence of a reverse flow omasition to turbulence. In addition, they demornstahat the
IPWSC has significant improvements in the ventilatrate compared to conventional chimneys, sineeath
flow rate increases as the angle of the wall irmeeareaching a maximum value on a certain inadinatngle.
This increase in air flow is attributed to the retilon in the reverse flow that appears at the chiyrexit.

Afterwards, Khanal and Lei (2015) carried out a muoal investigation of turbulent flow with natural
convection using the IPWSC. Results proved thecieficy of this model in gaining natural ventilatiaith
heights greater than 1 m for the absorber waladdition, the study showed that the standalone shianney
model, which is often adopted in solar chimneyslists; over-predicts the mass flow rate in comparigsothe
attached model. Therefore, the authors recommetigeddoption of the latter model to evaluating $lstem
performance since it led to results closest tordadity by the fact that the chimneys is part of thuilding
envelope. The study also showed that for diffefexdt flux the angle of inclination of 4° is the ahat best
ventilates the environment.

The purpose of the following work is to developanputational modeling for the analysis of turbulfotv
in an IPWSC attached to a room, allowing futureestigation about its design. The sensibility of mesd
time-step is performed and the independent resoittshe mass flow rate in the chimney are compawét
those predicted in the work of Khanal and Lei (2015 addition, simulations considering the conixezflow at
the steady state are compared with transient soktior the flow at the steady state. This comparallowed
the achievement of recommendations about the walidithis simplification for the problem studiedre.

2. MATHEMATICAL MODELING

For the present problem, the following simplificati hypotheses are assumed: the flow is admitted
incompressible, turbulent, transient, with natwahvection, without thermal radiation and the damiaitwo-
dimensional. The thermophysical properties are kepstant, except for the density which is variecbading to
Boussinesq approximation to driven the flow inte tomain. The standakek: turbulence model was adopted to
reproduce the airflow turbulence in the chimnéry this way, the time-averaged conservation eqoataf mass,
momentum irx andy directions and energy are given, respectivelyBsjan, 2013):
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The equations for turbulent viscosity and therniffligivity, are given by (Launder and Spalding, 297
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In Egs. (1) to (6), ) represents the time average operatoandy represent the horizontal and vertical
coordinates, respectivelyg is the average velocity in thedirection (m/s);V is the average velocity in the
direction (m/s);p is the density of the fluid (kg/ms3j;is the time (s)p is the pressure (Pay);is the dynamic
viscosity (kg/m s)u: is the turbulent viscosity (kg/m g;is the gravitational acceleration (m/g%);oefficient of
thermal expansion (1/K) is the temperature (K, is the thermal diffusivity (m?/s) given ypcy; « is thermal
conductivity of air;cp is the specific heat capacity (J/kg Ky;is the turbulent thermal diffusivity (m#/s}, is a
constant C, = 0.09);¢ is the dissipation rate of turbulent kinetic enefm?/s);k is the turbulent kinetic energy
(m?/s?);Pr is the turbulent Prandtl number given &y and« is the turbulent kinematic viscosity given jayp

(ma/s).
The equations for the standaed turbulence model, are given by :
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In Egs. (7) and (8)Gw» and Gy represent the production of the turbulent kinetiergy due to buoyancy and
the mean velocity gradients, respectively and aleutated as follows:
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In addition to the variables previously preseniadegs. (7) to (10)g; is the Kronecker deltaGs,, Co: and
Cs; are constants with empirical values of 1.44, 8@ 0.09, respectively amd ando, are the turbulent Prandtl
numbers fok ande with empirical values of 1.0 and 1.3, respectively

3. PROBLEM FORMULATION

The configuration of the system is shown in Figwhere there is an inclined passive wall solar clgy
composed of an inclined glass wall (transparergdiar irradiation) and an absorber wall, beingcittal to a
room (ventilated space). It is admitteld the height of the absorber wall; the thickness of the absorber wall,
W the size of the inlet window; the size of the inlet opening to the chimnklyandL the height and length,
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respectively, of the ventilated spaté, the exit air gap width andjy the base air gap width. The solar radiation
passes through the glass wall and reaches thebadpswall, which absorbs the energy. Consequerttly,air
inside the chimney is heated, becoming lighter l@ading the chimney through its top opening. Thiscpess
inside the IPWSC generates an airflow movemenh@dttached space, causing the external air to Hrae
room through the window, maintaining the air cietidn in the attached room.
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Figure 1. Configuration of a two-dimensional sathimney (IPWSC) attached to a room.

As showed in Fig. 2, the following boundary corafits for the computational domain are consideresl: th
walls have non-slip and impermeability conditiordaan adiabatic profile, except the absorber walictvhis
submitted to a constant heat flow of 1000 W/m? (iokimg the effect of absorber of solar energy). Hue

entrance of the room (window) and exit (chimney thputhe pressure gauge is admitted equal to zedatze
temperature is at 300 K.
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Figure 2. Boundary conditions for the computatiatanain.

To reproduce the numerical methodology, simulatiame carried out using the following geometric
parameters: a passive solar chimney with a 4atitin, an absorber height constant and equabtonZand the
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ratios of Ha/Wy = 6.25;H/Ha= 1.20;Ha/W = 2.5 andL/W; = 12.5. This geometry configuration is the sameluse
in the work of Khanal and Lei (2015), allowing therification of the present computational modeleTrable 1
present the thermophysical properties used inithelations.

Table 1. Thermophysical properties used in the kitions.

Cp (specific heat capacity) 1007 J/kg K
a (thermal diffusivity) 2.249 x 16 m2/s
p (density afTo) 1.1614 kg/m3 (Boussinesq)
S (coefficient of thermal expansion) 0.0033 K!
x (thermal conductivity) 0.0263 W/m K
u (viscosity) 1.85 x 1P kg/m s

4. NUMERICAL MODELING

The conservation equations and those used in @asfuturbulence, Eqgs. (1) — (8), are numericallived
with the finite volume method (FVM) using the FLUENoftware (Patankar, 1980; Versteeg and Malalaseke
2007; ANSYS, 2011; Maliska, 2004). For this studytotal period of time of = 10.0 s is investigated
considering a time step of 0.01 s and 300 iteratiper time step. The SIMPLE scheme is adoptedHer t
coupling between continuity and momentum equattbrsugh pressure and second order upwind are eegbloy
for treatment of advective terms of momentum anetgyn The simulations are considered converged wimen
residuals for mass, velocities and for the turbctemodel equations are less tharf.1Bor energy equation, the
simulations are converged when the residuals a® tlean 18. In addition, sub-relaxation factors of 0.7 are
imposed on the conservation equations.

In the present study, a grid independence tesrised out in order to make a comparison with ttugys of
Khanal and Lei (2015)The parameter used to check the independent meshtheamass flow rate at the
chimney exit, which is directly proportional to theass flow rate in the attached room. To measuee th
effectiveness of the system, Khanal and Lei (2QdrgViously used this parameter. Respecting the gegm
specifications previous mentioned, the GMSH sofewavas used to generate 8 meshes with different
refinements, as shown in Tab 2.

The criterion that the variation in mass flow betwehe meshes isii( - mj+1)/ m;| < 1% is established for
determining the independent grid, where the mesh $2,482 volumes could be considered as the indkgye
mesh. However, considering the increase of thdiskegal criterion for the next mesh, with 50,864unks, this
more refined grid is used since the variation Far fast three meshes seems more stable than thatexbin the
range between 42,482 and 59,512. It is worth memtgpthat the subscript “i” refers to the coursesmewhile “i
+ 1" refers to the next refined mesh.

Table 2. Grid independence test considering theraifor mesh independencehj|¢ rhj+1)/ iy < 1.0 x 1.

Number of Elements m (outlet) | (hyj - tij+1)/ 1ing]

7,213 0.1677918 5.27 x 10
14,182 0.1589552 8.49 x 10
29,561 0.1454553 1.15 x%10
35,232 0.1437806 1.75 x10
42,482 0.1412623 6.02 x %0
50,864 0.1404116 8.81 x310
59,512 0.1391742 6.26 x 10
68,247 0.1383036

In addition to the mesh independence, a time-stelegendence study is also carried out in order to
investigate the time-step which not affect the itsswas well as, to verify if that = 0.01 s used in the grid
independence test can be used for future use ofdhwutational model. For all investigated timepstét is
considered a final physical time bf 10.0 s of operation of the solar chimney. Thameffor simulations with
different time stepsAt), different numbers of time step are used in ptdebtain the results always referring to
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10.0 s of physical time. The results obtained is gtudy are shown in Tab. 3, where the same imnitdor the

mass flow variation between the differetitto be less than 1% was used and it can be seethéhéime step,
adopted until then, satisfies the establishedraite

Table 3. Time-step independence test consideriagiiteria for time step independence af, K mj+1)/ mj| <

1.0 x 1%
Number of Time Steps At (s) m (outlet) | (i - 1)/ i
10 1.0000 0.1877974 2.65 x40
100 0.1000 0.1380868 1.68 x20
1,000 0.0100 0.1404116 1.21 x40
10,000 0.0010 0.1405815 7.05 %510
100,000 0.0001 0.1405716

5. RESULTS AND DISCUSSION

To verify the computational model, the results atgd from the simulation with the independent mastl
time step previously reported for the physical tioi¢ = 10.0 s are analyzed. These results requiredt &lwf
processing time in a computer with two dual-corellprocessors i7-4960X 3.60 GHz and 32 GB of RAMe
data analyzed are the behavior of the mass flogy ratlocity and the contour of the turbulent intgns an
IPWSC type solar chimney attached to a room, coemgpos an inclined glass wall, an absorber walleatrance
of the room (window) and an exit (chimney mouth).

The chimney geometry is designed according to pet@rs already mentioned in the formulation of the
problem and the angle of 4° is used since it wa®tte that produced the best mass flow rate isytiem in the
study carried out by Khanal and Lei (2015). Using previously reported boundary conditions, a aorisheat
flow equal to 1000 W/m? is imposed on the absoviet. It is considered a transient model wkh=0.01 s and
a steady state model.

The data of grid independence test and time stégpiendence test presented above have been performed
the transient regime. However, a study of the tesuol the steady state has also been carried ogrify the
availability of solving the equations in this re@ni his investigation is performed since Khanal bat(2015)
does not clearly recommended the solution of tledlpm considering a modeling in the steady stateamisient
regime until the achievement of the steady stakeisTto verify the computational model of this studome
qualitative and quantitative parameters obtaine® lage confronted with the results presented invtbek of
Khanal and Lei (2015).

Figure 3 shows the contour of the turbulent intgnpublished by Khanal and Lei (2015) and Fig. @ th
contours of the turbulent intensity of the presstntly, being the Fig. 4a the field obtained atdfeady state and
Fig. 4b in the transient regime (time-averaged d¢amdwhen the flow reaches the steady state).rég3 and 4
show that there is a similar tendency between thaysof the referred author and the present wokweéler,
results seem more similar when the steady statensidered (Fig. 4a). In order to investigate qi@intely the
differences, mass flow rate and averaged velodii¢éise chimney are investigated.
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Figure 3. Contour of the turbulent intensity pubdid by Khanal and Lei (2015).
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Figure 4. Contours of the turbulent intensity af gresent study (%) — (a) Steady state (b) Trahsigime.

Another analyzed data that is important for verifyithe efficiency of the system is the mass flote f@er
unit length at the chimney exit, calculated by pineduct of the density (kg/m3), the exit air gamlthi (m) and
average velocity at the chimney exit (m/s), asetpeation:

m= pwy, 1)

The dimensionless variable is presented by Khanal and Lei (2015) for compezagvaluation of the
performance of the solar chimney, given by:

M=— 12)

In the study published by Khanal and Lei (2015)cdn be seen that the optimuvn value of 5,100 is
achieved with a constant heat flux of 1000 W/m#+veih angular inclination of 4° to the vertical difen. With
this data and Eqgs. (11) and (12) it is possiblénd the mass flow rate and the average velocithatchimney
exit. In turn, with the simulations performed insttwork, it is possible to obtain the mass floweraind the
average velocity at the chimney exit and theretaleulate the value of the dimensionl@gsn order to make it
possible to compare the results. A summary of ttained results can be seen in Tab. 4:

Table 4. Comparison of results between the preserit and the one published by Khanal and Lei (2015)

Heat Flux (W/m2) M m (kg/s m) V. (m/s)

Khanal and Lei (2015) 1000 5100.0 0.1332 0.510
Present Work (Steady) 1000 5926.3 0.1548 0.593
Present Work (Transient) 1000 5375.7 0.1404 0.538

As can be seen, in comparison with Khanal and 2eiL5), the variables/, iz and V, in the steady state

showed a difference of 826.3, 0.0216 kg/s m an83rl/s respectively, i.e., a magnitude differenc&62% in
the first two variables and 16.4% in the averadeci. Making this same comparison with the resalbtained
in the transient regime, this difference drops #% for the dimensionless variable and for the nilmsg rate
and to 5.5% for the average velocity. Once the tjtadive results obtained with the solution at theady state
led to considerable differences to the resultshreddn Khanal and Lei (2015), while the transieolfuson
conducted to similar results, it is recommendedutbe of transient solution in the present model.

6. CONCLUSIONS

This work aimed to develop a computational modetfie analysis of turbulent flow in an IPWSC tymdas
chimney attached to a room using the best chimeeyngtry configuration obtained in the study by Kddeand
Lei (2015). Grid independence and time step inddpece tests were carried out, as well as simulgiiorihe
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steady and transient regimes and the results @uotaggarding the contour of turbulet intensity, sngw rate
and average velocity at the chimney exit were aalyand compared with the work of Khanal and LOILE).

Although the contour of turbulent intensity in teeady state visually presents a better proxinhigintthe
contour in the transient regime to those obtaing&lanal and Lei (2015), the numerical resultsrfass flow
rate, average velocity and the dimensionless vigriebthis last mentioned regime show a greateeemgent.
Differences of 5.5% for velocity and 5.4% for thiner variables were obtained when the transienttisol is
taken into account, while in the steady state gmiuthis divergence is in the range of 16%. Theefd can be
concluded that the computational model developethéntransient regime reproduces better the behaiio
turbulent flow in an IPWSC type solar chimney dtied to a ventilated space, being recommended égars
future investigation about its design. The simolasi carried out in the steady state did not finisfetory
quantitative results, so modeling in this stateas recommended to reproduce the behavior of thid fhside
the chimney.
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