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1. Introduction

Abstract

The improvement in solar chimneys' thermal performance and
thermal behavior that can be achieved by adding metal foam has been
tested in computational work. The flow and heat transfer governing
equations for solar chimney models were solved using computational
fluid dynamics (CFD). It was solved using the control volume numerical
method in ANSYS FLUENT 14.5. It is used to construct a finite volume
modeling technique for solving the governing equations and the radiation
heat transfer equations. With standard flat absorber plates, the results
showed that heat transmission was increased by the inclusion of metal
foam (10 PPI), leading to an increase in air velocity at the solar chimney
of around 13.3%. The highest average air velocity with 10 PPI drops by
54.4% as the height of the absorber plate changes from 5 cm to 25 cm
respectively.

Keywords: Solar Chimney, Low Energy Space, Metal Foam, Simulation
Modeling, Ventilation.
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structures are hybrids, employing both passive and

Solar power, one of several possible renewable
energy sources, stands out for its low environmental
impact and abundant local availability. Electricity
generation, refrigeration, and air conditioning are just a
few of the various uses for solar energy. Improve your
building's natural ventilation with the help of solar
energy by installing a solar chimney. Passive solar
design refers to the practice of utilizing solar energy for
thermal comfort without the use of any additional
mechanical or electrical systems [1]. Aside from the
windows, thermal mass, and chimney, other passive
design components include this building's chimney.
Passive solar energy cannot provide the necessaty load
effect on its own, especially for large buildings at night.
For this reason, the vast majority of passive solar

mechanical systems to obtain a low-energy result [2].
Air is supplied to and removed from a room through
mechanical or natural processes to create ventilation.

A solar chimney, also known as an updraft stack, is
a passive solar heating and ventilation system installed
on the roof of a structure. When temperatures rise,
proper air circulation and thermal comfort become
paramount.  Applications ~ where low, steady
temperatures are required favor solar chimneys.
Buildings use natural means of conditioning air, while
solar chimneys may help cut down on energy costs by
minimizing the need for mechanical ventilation. This
was found to be the case [3]. In order to better
understand how the solar chimney with space
ventilation can be wused to enhance thermal
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performance and investigate the activity of an absorber
media, a review of the work of past researchers is in
order. Literature papers have shown a few different
approaches to combining solar chimneys and space
ventilation. To heat and ventilate the test building, [4]
created a numerical analysis of heat transport in an SC
system. The conservation equations were numerically
solved using the finite difference method. There were
fixed parameters in the governing equations. The
Nusselt number Nu, the dimensionless volumetric
flow rate v, and the radiation heat flux ratio q./doc
were used as the controlling factors in these
calculations. Consequently, isotherms and streamlines
were generated.

[5] used a system consisting of an Evaporative
Cooling Cavity (ECC) and a Solar Chimney (SC) to
examine three different materials of cooling pad:
coconut coit, vetiver, straw, and cellulose. It has been
taken into account how the key geometric
characteristics affect the system's efficiency. Human
thermal comfort needs and the means to meet those
needs have also been investigated. Results reveal that at
a velocity of 0.10 m/s, the cellulose cooling pad
achieves an efficiency of 47.5%, which is higher than
the efficiency of a saturated heat exchanger. It
demonstrated that increased wetted surface area and
increased velocity lead to decreased contact time,
leading to increased water evaporation into the air. [0]
created a CFD model for a two-stage solar chimney
using computational fluid dynamics. The steady-state
transport equations for scalar and vector quantities
(such as energy, turbulence, spectrum of radiation
intensity, and vectors of velocity) are solved using a
finite-volume technique. The fundamentals of 2D
geometry were examined, and this was extended to
cover three different solar chimney modifications for
use in design and implementation. Based on the
findings, it appears that the best performance was
achieved by the solar chimney coupled with the single-
opening type and ventilated rooms. [7] details the usage
of a novel ecologically friendly solar chimney
integrated with a windcatcher and water spray system
to create a two-story office building suitable for a hot,
dry region. Using the least amount of square footage
possible, a solar chimney and windcatcher built on the
north side of the building provide ventilation for both
floors. To examine the cooling and ventilation
possibilities of a solar chimney with and without a
windcatcher, a reduced scale model and computational
fluid dynamics (CFD) analysis were carried out.
Researchers compare the results of testing conducted
on days with much lower temperatures to show that
the solar chimney, with a windcatcher and water spray
system, provides appropriate thermal and airflow
conditions for both floors on a hot and bright day.
Cooling the occupied room by 5.2 degrees Celsius and
producing around 9 air conditioning units per hour
(ACH) during peak working hours is conceivable in the
summer. [8] presented that solar chimneys can improve
natural ventilation and cut down on solar heat gain on
a building's exterior. In this study, we proposed three
different ways to connect two solar chimneys to a
heated wall for natural ventilation of a room: (I) in a
series, (II) with the chimneys parallel and the air
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exhausting at two different points, and (III) with the
chimneys parallel but the air exhausting at a single
point. A Computational Fluid Dynamics model was
used to forecast the airflow rate that would be attained
with each setup. The data illustrate the impact of heat
flux in each channel and channel geometry. In (II), the
flow rate is maximized. To be more specific, the
proposed configurations increase the flow rate by as
much as 40% over the standard setup with a single-
channel solar chimney. The research results suggest a
new approach to fagade design for mitigating the
effects of solar heat gain and improving natural
ventilation in buildings.

Previous research has shown that the passive solar
chimney effect can be exploited for a variety of
purposes, including heating, cooling, and ventilation.
The buoyant force created is an effect shared by all
modes.

The use of heat-absorbing material increases heat
transfer and temperature differential, both of which
have a multiplier effect on the buoyant force exerted
by the air as it is evacuated by the solar chimney. While
several computational studies have looked into using a
flat plate as heat absorber media, few have considered
whether or not the addition of porous materials to a
solar chimney might improve its thermal performance.
In this study, the effect of adding metal foam to a solar
chimney to improve its thermal behavior is
quantitatively explored.

2. Simulation modeling

The simulation model, which is based on governing
equations (GE), depicts fluid flow, heat transmission,
and heat storage in a variety of modes through a
physical model and numerical simulation. Both a
heating mode and a ventilation mode computational
model are built. The use of both heating and cooling
modes is ubiquitous in descriptions of physical models
and numerical solutions. Both modes use ANSYS
FLUENT version (14.5) to describe the steady-state
heat transfer and fluid flow characteristics of air. In
another section, we show how a mushy-zone material
can temporarily store heat by combining the properties
of a solid and a liquid.
2.1. Geometry

The solar chimney, test rtoom, absorber flat plate,
and Cooper foam absorber are all part of the
SOLIDWORKS 2016 geometry models. The
dimensions of the test chamber are (1m*1.5m*1.5m),
and the dimensions of the solar chimney are
(2m)(1m)(1m)(0.30m)(0.30m). Fiberglass was used to
provide the 3cm thick thermal insulation. In Figure 1,
we see the physical geometry of the system.
2.2. Governing Equations

Several assumptions have been established in order

to generate a mathematical simulation for steady-state,

free convection heat transfer in solar chimney
ventilation.
i Conservation equations in three dimensions.

il.
1ii.

Incompressible-flow Steady-state.

The density variation was modeled using the
Boussinesq-approximation.

A mean temperature is used to determine the
value of each property.

iv.
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Figure (1): Model schematic including porous foam.

The conservation of mass, momentum, energy, and
the equation of turbulence were crucial FLUENT
modeling equations for fluid flow and heat
transmission in the solar chimney via free convection.
Cartesian notation allows for expressions like[9]:
Continuity Equation
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Where the Reynolds stresses can be symbolized by
equations (Awbi 2003):

d ou d ovy 0 ow
Su= ox (HEH ax) dy <ueff ax) 0z (ueff OX)
+ buoyancy L. (6)
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And the heat source;
ST= 0
buoyancy( for u) = pgP (Tt —Tin )cos(0)
buoyancy( for v) = pgP (Tt —Tin )sin(0)

: Incline angle of the chimney
re — Heff , Mt

Seff St

Mefr =[L +Ht
Mefr = coefficient of effective viscosity
Iers = coefficient of effective diffusion
et = effective Prandtl number
Turbulence Model
The Standard k-e Model

The most popular model in Fluent is the standard
k-epsilon (k-) model because of its accuracy, low
computational cost, and general applicability to
completely turbulent flows. The following equation
[10] be used to calculate the turbulent kinetic energy
and dissipation rate; this model is an example of a
two-equation model.
Turbulent Kinetic Energy

o 8. 8
&(PUK)'i'a—y(PVK)‘F&(PWK)

0 aK‘]+6 aK‘]+8[F 0K LR 4G
Toxl®ox] ayl*ayl azl'ka T Mk
—Cpp€ 9)
Where;
F :uei
Kk ok

ok = empirical constant of turbulent Prandtl number
for kinetic energy

Dissipation Rate

0 d d
E (pu€) + oy (pvE) + F (pw€)

_a ae]+a 6€]+6[F6€]+C SP

“oxlfox] oyl cayl "ozl oz ‘C‘lk(k
2

+ CesGy) — Cszpi ...... (10)

Where;

[, = teff

Og
o, = empirical constant of turbulent Prandtl number
for g

The production of k by shear, this term can be
expressed as following [11]:
N ((?u)z o <GV) o (6w>2
k= He 0x dy 0z
4 (au + 6V>2 4 <0W + aV)Z
dy 0x dy 0z
ow  du\?
)

ox 0z
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The turbulence Kkinetic energy generation by
buoyancy represented in term Gy, this term can be
expressed as following [11]:

= bt 00T
Gk = o gB e (12)
where the turbulent viscosity . is given by:
2
W = pCuE ...... (13)

2.2.1. Mathmatical Model Porous Media

Using copper foam as an absorbing media in the
solar chimney is innovative in the current work.
Since the thickness of porous metal foam is
negligible in comparison to the length of porous
metal foam [12] porous jump is an appropriate
approach that can be used to build this model. The
physics of airflow via the pore structure can be
explained and accounted by mathematical models
[13]:
Continuity Equation:
V. ( pV) =0
Momentum Equation:
P UV VIV = 2 (7 Hf
G{(V)V) == Vp+pee V2 (V) — |+

EVI] V) + pgB (Tr = Tin)

Energy equation in the fluid region
no e

pe[(V).VT; | = V. [(ﬁ + P—rt) VT

+hypage /Cp (T~ )] .. (16)
Energy equation in the solid region

dT,

(p cp)s (E) =0

= V. [k VT;]

- hsfasf (TS - Tf) ......
(ks ) solid matrix thermal conductivity (W/m.Kk)
() porosity of the porous medium
(hg ¢) interfacial heat transfer coefficient (w/m?.k)
(ag¢) solid-liquid interfacial surface area of porous
layer (m)
(cps) specific heat of solid matrix (J/kg. k)

Where Kk is the permeability, ps is the dynamic
viscosity of the fluid, and F is defined by Kozeny-
Carman of the inertia coefficient of the porous media
and the correction equation can be written as follows
[14]. Table 4 presents the measured permeability
coefficient, inertial coefficient, and porosity of metal
foam.

__ &9’
k= m ...... (18)
_ 1.75 (19)
—\/m ¢3/2 ......

2.2.2. The Discrete Ordinate (DO) Model

Radiation heat transfer using the discrete ordinates
model. Semitransparent surfaces and large variations in
optical thickness ate the exclusive domain of this
mode.

346

A%Q

For an absorbing, scattering material emitting in the
direction s at location t, the radiative transfer equation
(RTE) is [15]:

T4 os

V.AE 9D + (@ +o) | (7,8 =an?T—+ 2

T
FTIESD @ (1,8 dO

Where;

I(1,s) is the solar radiation intensity,
(@) is the coefficient of the absorption,
(n) is the refractive index,

(0) is Stefan - Boltman constant,

(0s) is the coefficient of the scattering.

3. Computational modeling
3.1. CFD Model Setting and Parameter
Momentum and energy equations were solved
using an upwind approach of second order, while
pressure was solved using a simple standard method.
Pressure was relaxed by a factor of 0.3, density by a
factor of 1, body forces by a factor of 1, momentum by
a factor of 0.7, and energy by a factor of 1. Models (1)
and (II), as shown in Figure 2, required (1200) to
(1400) iterations until the flow solution converged, at
which point the residuals in the energy and continuity
equations were respectively 800 and 1000. After (1200—
125) iterations in this model, the flow solution was
found to converge when the residuals in the energy
and continuity equations were respectively 700 and
300.

g-slir‘\?gnsitv

1e+01

1e+00

1e-01 |
1e-02
1e-03
1e-04
1e-05
1e-06
1e-07 = 1;:-.‘.,‘.;.,. A it sl

1e-08

0 200 400 600 800

[terations

1000 1200 1400

Scaled Residuals Apr 03, 2020

ANSYS Fluent 14.5 (3d, pbns, rgke)

Figure (2): ANSYS-FLUENT Iterations of the Case

3.2. Meshing

For a in ANSYS FLUENT to
successfully converge on a solution that accounts for
all relevant parameters, the mesh must be of sufficient
quality. Boundary layer flow and temperature gradients

simulation

can only be accurately represented in the current
simulation if enough nodes are located in the vicinity
of the boundaries. With too many nodes, processing
takes longer and uses more resources without
improving resolution. Both fluid dynamics and heat
transport require a mesh fine enough to capture the
relevant information [16]. Figure 3 displays the mesh
produced for this work, which was determined to be
sufficiently fine to capture the relevant features of fluid
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movement and heat transmission from numerous

experimental runs.

Figure (3): 3-D Mesh grid of models with metal foam.

3.3. Boundary Conditions

Tablel displays the associated boundary conditions
required to finalize the formulation of the present
work.

Table (1): Boundary condition of the physical-model

Boundary Type Parameter value
Tower inlet | Pressure inlet | Ambient Temperature
Atmospheric Pressure
Chimney outlet| Pressure | Ambient Temperature
outlet Atmospheric Pressure
Absorber plate Wall Mixed Convection and
Radiation
Glass roof Wall Mixed Convection and
Radiation
Room Wall Fixed Heat Flux

3.4. Material Properties in Fluent

Table 2 and Figure 4 summarize the relevant
material features.

Table (2): Physical properties of materials [17].

Physical |Absorber| Glass | Insu- .
. Air
property plate roof | lation
. Boussi-
Density kg/m?| 8978 1900 | 700 nesq
Specific heat
1/ke K 381 837 | 2310 | 1006.43
Thermal
Conductivity | 387.6 091 | 0.137 | 0.0242
W/m.K
Viscosity
ke/m.s - - - 1.789¢-5
Reffactive 11562 | 1 1
index
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\ 1500 ,
Figure (4): Schematic-diagram of physical
domain(mm).

3.5. Operating Conditions

The present work uses an operating pressure of
101.325 Kpa, a reference pressure location of (0, 0),
and gravity components of (x= 0 m/s? y= -9.81 m/s?,
z=0 m/s?) for both inclined and vertical channels. The
porous metal foam's features and circumstances are
listed in Table 3.
Table (3): Properties condition of the metal-foam[18].

. . Inertial
.Pores per | Porosity | Permeability Coefficient
inch (PP)| (p) (%) (K)(m?) ©
10 0.93 7.859 x 108 0.17

In this paper, the density of air was calculated using

the Boussinesq model [19],
0=00 (1B (T-To)] @1

When the input temperature is set the density at T,
is o, the density at T is a, and the thermal expansion
coefficient is B.
3.6. Grid Independence Test

The appropriate mesh was determined by an
examination of grid independence. The speed via the
chimney was the object of the experiment. A total of
seven distinct grids were examined, each with 187,353
elements: 1,162,122, 591,543, 842,651, 966,531, and
1,296,425 elements. For the most exacting
measurements of the chimney's velocity, there are
minor discrepancies (usually less than 5 percent)
between the data from grid no. 6 (1,162,122 elements)
and grid no. 7 (1,296,425 elements). It can be seen in
figure 5 that both grids are getting closer to being grid
independent [20].

1.3
R |
~
g \/\
0.9
,g #*
<)
= 0.7
>
0.5
! [N & [ © = - -
sE 8 8 2 ¥ B 3
(e) (e S
No. Elements * 1000

Figure (5): Grid Independency Test
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4. Simulation results
4.1. Temperature Distribution

Figures (5-10) depict the temperature contour
behavior for a 10 PPI metal foam absorber plate at
various solar radiation intensities (953 W/m?),
inclination angles (45°), and absorber plate heights (5,
10, 15, 20, 25 cm). The temperature profile and metal
foam absorber plate both rise with increasing plate
height, with H=25cm representing their maximum
value. Because the boundary layer spread over the
metal foam as the absorber plate height was increased,
conduction heat became more predominant than
convective heat, and the temperature of the absorber
plate rose because of the lack of heat exchange
between the air and the metal foam.

The results demonstrate that the room temperature
is very near to the ambient temperature after the
highest value of solar irradiation because the solar
chimney suctions the air from the outside into the test
room, which is presumably well insulated. This creates
a hostile environment for people, but it can be
converted into a soothing breeze with some tweaking.
Alternately, the ventilation effect can be utilized at
varying times of the day and night to eliminate noxious
gases and aromas from rooms, auditoriums, and
workshops.

4.2. Air Pathlines

Air pathlines for metal foam absorber plate (10
PPI) at the same solar radiation intensity (I= 953
W/m?) and for inclination angle 45° are shown in
Figures (11-16). The heights of the absorber plates
varied from 5 cm, 10 cm, 15 cm, 20 cm, and 25 cm.

The average air velocity of the solar chimney is
found to grow as the absorber plate height drops, with
the optimal value being attained when the absorber
plate height is only 5 cm. Due to the expansion of the
boundary layer above the metal foam as the absorber
plate height was increased, the potential energy and
buoyancy force could not be employed to increase the
flow through the metal foam, and so no heat exchange
occurred. Therefore, the air velocity of the solar
chimney was decreased due to the airflow of the top
and lower absorber plate at H= 20 cm and H= 25 cm.
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Figure (6): Temp. Contour of Flat Absorber Plate
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Figure (7): Temp. Contour of 10 PPI Metal Foam H=
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Figure (8): Temp. Contour of 10 PPI Metal Foam H=
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Figure (9): Temp. Contour of 10 PPI Metal Foam H=

15 cm
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Figure (10): Temp. Contour of 10 PPI Metal Foam
H=20 cm
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Figure (11): Temp. Contour of 10 PPI Metal Foam
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Figure (12): Velocity Pathline of Flat Absorber Plate
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Figure (13): Velocity Pathline of 10 PPI Metal Foam
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Figure (14): Velocity Pathline of 10 PPI Metal Foam
H= 10cm
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Figure (15): Velocity Pathline of 10 PPI Metal Foam
H= 15cm
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Figure (16): Velocity Pathline of 10 PPI Metal Foam
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Figure (17): Velocity Pathline of 10 PPI Metal Foam
H= 25cm
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5. Conclusion

The integration of the test room and solar air
chimney with (10) PPI metal foam absorber plates in
the solar air chimney and with five different heights of
absorber plate from 5 cm, 10 cm, 15 cm, 20 c¢m, and 25
cm has been studied numerically to determine the
effect on heat transfer characteristics and overall
performance.

The current work led to the following conclusions,
the heat transmission was increased by the inclusion of
metal foam (10 PPI), leading to an increase in air
velocity at the solar chimney of around 13.3%. The
highest average air velocity with 10 PPI drops by
54.4% as the height of the absorber plate changes from
5 cm to 25 cm respectively.
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Appendix I: Nomenclature
Symbol Definition Units
oy Thermal Diffusivity m2/s
Volumetric Thermal
p Expansion /K
£ Porosity, Emissivity -
n Thermal efficiency %
0 Incidence Angle Degree
u Dynamic Viscosity kgm/s
v Kinetic Viscosity m2/s
p Density kg/m?
g Stefan — Boltzmann Constant | W/m2K#
o Thermal Diffusivity of Fluid m?/s
a Absorptivity Coefficient -
Do Radiation Desecrate
Ordinate
CFD Computational Fluid
Dynamic
Conv Convection
MF Metal Foam
PPI Pore Per Inch
Rad. Radiation
RNG Re-Normalization Group
SC Solar Chimney
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