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A big hurdle to using solar chimneys for power generation is their low overall
efficiency, which is measured by how effectively energy is converted at different
stages of the system. While a taller chimney might help, it is expensive and
complex to implement. To address this issue, a new study explored the possibility
of using a thermal absorbing assembly at the top of the chimney to increase its
efficiency without increasing its height. The study presented both experimental
and numerical data on this approach, looking at changes in temperature and heat
gains as performance indicators. By adding this low-cost and simple fixture, the
study found that the temperature before the chimney outlet increased, and the
stack effect was strengthened. The rise of air temperature posed an increase of up
to 83.1% by experimental assessment and an increase of 12.75% by numerical
assessment with the added fixture of the heat trap.

1. INTRODUCTION

The solar chimney power plant (SCPP) is a solar updraft
technology for electricity generation that utilizes the
heat from solar energy. It has three major components: a
solar collector, a chimney tower, and a wind turbine.
The SCPP's straightforward working principle is
appealing; solar radiation penetrates the collector roof
which transfers thermal energy to the air underneath it.
This energy transfer is further enhanced by the
greenhouse effect created under the semi-transparent
material of the collector roof [1]. The hot air then moves
toward the chimney base, which results in a continuous
updraft as hot air is guided toward the chimney exit. At
the same time, ambient air continuously enters the
system from the peripheral inlet of the solar collector at
the ground. The wind turbine, situated at the base of the
chimney, utilizes the kinetic energy from the air that
runs through it [2].

The air mass flow rate in the SCPP is influenced by
the increase in air temperature under the collector and
the solar chimney height. The chimney efficiency is low
compared to the other components of the SCPP [3], [4],
which brings down the plant's overall efficiency. The
power output from the SCPP highly depends on the
system’s overall scale [5], [6] and the chimney height is
key to its efficiency [7], [8]. In attaining the maximum
generated power by the SCPP, a limit was imposed on
the maximum collector size, while modern technology
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permits the construction of comparably larger-scaled
chimneys [9], [10].

For a long period, the size of the system, which
includes the chimney height, has been the determining
factor in the system's ability to produce [11]. More
recently, optimization works have been done to find
novel unconventional designs for the chimney tower.
Different chimney configurations have been explored by
researchers, which include divergent chimneys and
sloped chimney inlets with varying plant scales [4], [12],
[13]. Other than chimney geometry, the floating solar
chimney has been explored to investigate its
performance when exposed to external crosswinds [14].
Findings on air temperature distribution inside the
chimney are limited in SCPP applications, while focus
has been given to enhancing the collector roof design
and the storage of thermal energy in the ground [13],
[15], [16].

One of the methods to increase the SCPP
efficiency is increasing the updraft velocity in the
chimney. This is achievable when there is a higher
difference in air temperature between the ambient and
the top exit of the solar chimney body. As the air
temperature at the chimney exit increases, the density of
air in that region will decrease at the same time, which
results in a greater difference in air density and pressure
between the bottom and top of the chimney, thus
improving the flow.

This article explores this theory by adding a heat
trap, which is a thermal absorption fixture, at the top of
the chimney, as shown in Figure 1. The heat trap
theoretically can absorb solar radiation, enhance heat
transfer to the air at the chimney exit, and create a
bigger pressure difference that would drive the airflow
through the system.

Experimental and numerical results are presented
in this article to suggest the possibility of improving
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chimney performance with the heat trap assembly,
including comparisons made with a conventional
chimney performance of the same height. The following
subsections begin with the design theory behind the
SCPP, followed by the developed model description for
both the experimental and numerical investigations. This
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includes specifications of the typical solar chimney
components and the proposed heat trap. Next,

measurement data are presented to compare the different
cases tested. Finally, the performance of the different
cases is calculated in terms of the temperature rise and
air velocity.

Fig. 1. The SCPP schematic diagram, with novel heat trap assembly.

2. GOVERNING EQUATIONS

The theory of the SCPP is described in this section, for
parts of the system components. Governing equations
are applied in numerical simulation to calculate the
results.

2.1 The Solar Collector

The solar collector component is responsible for
converting solar radiation to thermal energy. It
comprises of the semi-transparent canopy through which
the sun radiation passes, and the ground material, which
functions as a heat exchanger that transfers the gained
thermal energy to the adjacent air for the system
operation. The ground absorber is also a heat storage
medium where some of the energy gained from the sun
in the form of heat is transferred by conduction through
the layers of the ground and stored for future use when
there is absence of solar radiation or on cloudy days.
Some losses occur at the collector through the
transparent cover and to the earth core which is reported
to be about 50% [17].

The mathematical analysis of the collector for the
proposed model is developed with the assumptions that
the flow through the system is steady and that the flow
from the collector periphery towards its center is one-
dimensional. The temperature of the air at the collector
inlet is assumed to be equal to the ambient temperature.

The total energy available to a SCPP collector, Qg is
shown in Equation 1, where | is the solar irradiance

(W/m?) and Ay, is the surface area of the collector
(m?).

Quotar = 1+ Aual M)

The energy absorbed and utilized by the collector,

Q.o (W), is shown in Equation 2, where it is the sum
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of heat absorbed by the collector from the ground and

from the canopy cover, Quong and Qupgy, , respectively.

Qcol = Qground + Qcanopy (2

The absorbed energy by the ground is given by
Equation 3 and the absorbed energy of the collector roof
is given by Equation 4.

Qground = Qsolar ’ aground ' Tcanopy 3

Qcanopy = Qsolar ) acanopy 4

From the above equations, (g, and Gy g are
the absorptivity property of the canopy and the ground,
and Tegngpy Is the transmissivity of the transparent
canopy cover.

2.2 The Solar Chimney

The mass flow rate of air that passes through the solar
chimney component depends largely on the pressure
difference between the buoyant air at the chimney base

and the ambient pressure at the chimney exit (AP).

The total pressure difference created in the chimney
after excluding losses due to friction can be expressed
as:

H
AI:?(mal = .[0 g (pexit - pbase ) dy (5)

After considering dry air inside the chimney, the
air density can be expressed as:
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pair = pamb [1_ﬂ(Tair _Tamb )]

Tair — Tamb (6)
T

amb

:pamb_pamb(

where the g is the coefficient of thermal expansion,
expressed as the inverse of ambient temperature.
After substituting Equation 6 into Equation 5,

APtom can be written as:

H
Tair _Tam
ARy = .!.pambg (Tbb] dy )
Then Apm will be:
T, —T
APtotal = pambgH (alr—ame (8)
Tamb

where H is the height of the chimney.
2.3 Conservation of Mass, Momentum, and Energy

For the two-dimensional, steady-state model, the
continuity equation is given by Equation 9.
d(pu 10(rpv
(pu) 10(rpv)

oz r or

©)

The momentum equations are given by Equations
10 and 11, and the energy equation is given by Equation
12 [18], [19]. The incompressible flow assumption is
valid as the maximum Mach number does not reach the
value of 0.1. To manipulate the effects of buoyancy in
the air, the Boussinesq hypothesis is utilized, which
defines the thermal expansion coefficient, 8 in Equation
13 [20].
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Assuming small temperature variations in the
chimney system, the density could be expressed as [20]:

(Po—P)==poB(T,—T) (14)

where “0” in the subscript indicates a reference value,
and the density could be predicted based on this preset
reference parameter. The reference density is a constant
and is substituted into the mass and energy equations.
For the buoyancy term in the momentum equation, this
approximation considers the density as a function of
temperature, and the flow is driven by the gravity force
[20].

2.4 Radiation Model

The Discrete Ordinates (DO) model available in ANSYS
is used to solve the radiation heat transfer in the system
using the surface-to-surface radiation heat transfer
through semi-transparent materials.

In this study, the canopy material is specified as
Perspex, assuming that it has the same behavior for all
radiation wavelengths. The DO model works well
throughout an entire range of optical thicknesses and
could be used to compute non-gray radiation by utilizing
a gray band model.

2.5 Performance Indicator and Collector Efficiency

The performance indicator (P.1.) for the proposed model
is calculated as a product of the increase in air
temperature inside the system, AT, and the air mass
flow rate through the chimney, M [21].

Pl.=m-AT (15)
16

AT = Tair _Tamb (16)
. 17
M= pAVi an

The efficiency of the collector, 7], , is a ratio of
the thermal energy gained by the air inside the system to

the input energy into the system from the sun, Qsmar
[21].
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Neat = (18)

3. EXPERIMENTAL IMPLEMENTATION

A solar chimney power plant model was fabricated and
tested under real conditions in the Solar Research site at
Universiti Teknologi PETRONAS, Seri Iskandar, Perak,
Malaysia (Latitude: 4° 23' 17.68" N and Longitude: 100°
58' 28.61" E). The experimental investigation included
two main cases: a bare chimney and a chimney with a
heat trap. Each case was tested with three different
collector sizes, creating 6 cases. The following
subsections describe the methodology in detail.

3.1 Model Description and Experimental Setup

The solar chimney experimental model was built with a
transparent collector canopy, a chimney, and a ground
thermal absorbing medium. The canopy is made of 4-

mm-thick Perspex glass, with transmission coefficient of
0.92 [22], supported by iron frames. The canopy frames
for the full setup were constructed with two angles of
inclination, as indicated in Figure 2. The inner section of
the canopy of 2.4 m diameter was connected from the
chimney base, sloped at 20° from the horizontal, and
ended approximately 0.4 m off the ground, as shown in
Figure 3. The outer canopy was connected to the inner
canopy, at a slope of 5° from the horizontal, and
extended out to 4.16 m diameter. Further extension to
the collector was made permitting the total diameter of
the collector for the full setup to be 6.6 m. The canopy
inclination angles were selected as such for combined
reasons. The low angle of 5° from the horizontal allows
effective heat transfer to the air between the surfaces in
the outer section of the collector. Increasing the angle to
20° from the horizontal in the inner section of the
canopy avoids the abruptness or air convergence and
reversal of the air stream towards the chimney [23].

Fig. 2. Double inclination angle of the canopy.

§ 2.4 m diameter,
20° slope
<~ Perspex canopy

<« 4.16 m diameter, 5° slope Perspex canopy 5

Fig. 3. Experimental setup with a mock chimney, 4.16 m canopy diameter.

Details in Figure 3 show the cases of 2.4 m and
4.16 m diameters. The extension pieces of the canopy
for the full 6.6 m diameter setup were laid outside the
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experimental rig and could be connected to the 4.16 m
frames. The ground surface component under the
collector comprised of pebbles that were painted black
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with approximately 100 mm thickness, acting as thermal
absorption medium. This gave the ground an emissivity
of 0.95 [24]. Furthermore, it was the least costly
material compared to others with similar solar radiation
coefficients [25], [26]. This setup was used throughout
the investigation presented in this paper.

A mock chimney was used in the setup of the
investigation presented here, as shown in Figure 3. It
was made of a 0.8-m-tall Perspex tube with a 0.2 m PVC
reducer fixed at the top end. The Perspex is selected to
allow solar penetration, and the reducer will create a
high velocity at the top (chimney outlet) that is typically
obtained from a tall chimney. The Perspex tube is
connected to the lower metal part of the chimney by a
flange. The dimension of the plant is summarized in

113

Table 1. In the conventional design of the solar chimney
research model, the chimney is made of a 14-m-tall PVC
tube located at the center of the collector. In this taller
chimney where a reducer is not required, the Perspex
tube would still be attached to the top of the chimney as
part of the heat trap assembly described below.

To create the heat trap, an aluminium plate was
coated with a mixture of matte black paint and
aluminium oxide. Then the plate was inserted along the
inside wall of the Perspex chimney tube, creating a
circular cross-section, as shown in Figure 4.

In big-scale applications where the chimney
diameter is large, the transparent tube is not necessary as
the size of the chimney allows solar radiation
penetration onto the heat absorber plate.

Table 1. Dimensions of the experimental setup.

Parameter

Dimension

Collector diameter
Collector height at peripheral inlet
Canopy inclination

Perspex chimney height (without reducer)

Total chimney height
Chimney diameter

2.40m, 4.16 m, 6.60 m
0.10mto0.40m

Inner section 20°, outer section 5°
0.80m

1.20m

0.152m

Nano-black Al,O; painted

aluminum metal

A
0.17 m
/s
0.152 m
Perspex pipe
Air flow
T\

L

Fig. 4. Specification of the heat trap assembly.

3.2 Measuring Instruments and Uncertainties

Temperature readings were taken at different locations
using Type K surface thermocouples, which were

connected to the GRAFTECH midi GL820 digital data
logger. Airflow velocity data were read using the
hotwire-probe and vane-probe sensors connected to the

www.rericjournal.ait.ac.th
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digital anemometer model TPl 575C1. The total solar
intensity was measured using a digital solarimeter that
was fixed at ambient.

Confidence in the measurement of the variables
could be identified by the accuracy level of the
measuring devices. Table 2 presents the used
instruments and the specifications of each device,
including the provided accuracy by the supplier.

3.3 Data Acquisition
For each case, measurements were taken between 12:00
pm to 3:00 pm at an hourly interval. The reason for

Table 2. Details and accuracy of the measuring instruments.
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recording the data between these hours was that the
impact of solar irradiance on the system performance
will be highest when solar irradiance is high (600 W/m?
to 1000 W/m?). Hence any difference between the cases
would be most apparent during these hours.

The bare chimney cases were first investigated for
collector diameters 2.40 m (case 1-a), 4.16 m (case 1-b),
and 6.60 m (case 1-c). The heat trap was then installed,
and the measurements were repeated for collector
diameters 2.40 m (case 2-a), 4.16 m (case 2-b), and 6.60
m (case 2-c).

Parameter Instrument Range Reading Accuracy
Solar radiation ~ KIMO-SL 200 solarimeter 1 to 1300 W/m? +5%
Surface - GRAPHTEC GL820 data logger —200to 1260°C +0.05%
temperature - Type-K thermocouple wire +0.75%
Air temperature - GRAPHTEC GL820 data logger —200 to 1260°C +0.05%
- Temperature probe +0.75%

Air velocity TPI 575C1 digital reader with hot wire velocity probe Vane: +2%

0.4 to 25m/s +5%

Hot wire:
0.2 to 20 m/s
4. NUMERICAL SIMULATION checking criteria, mesh model 3 was selected for further

This section describes the CFD method applied to study
the fluid flow and thermal processes within the
computational domain of the solar chimney. The
commercial package ANSYS Fluent 18 was utilized to
model and run the simulations.

4.1 Computational Modeling and Meshing

A 2-D model was created using SpaceClaim software
based on the actual geometries of the experimental
model described in Section 3.1. The material
specifications of the plant are defined in Table 3 [27]. A
mesh independence study was conducted, and the details
of each mesh model and the accuracy of results are
summarized in Table 4. Based on the mesh dependence

analysis with 17929 elements.
4.2 Boundary Conditions

For the solar chimney simulation model, boundary
conditions were prescribed for each component, as
shown in Figure 5. The material selected for the ground,
canopy, chimney wall, and heat trap were set according
to experimental parameters. The boundary conditions for
the computation domain’s inlet and outlet were set with
zero-gauge pressure. In solar chimney simulations
modelled in 2-D, incident solar radiation through the
semi-transparent canopy to the ground is commonly set
as heat flux or an internal heat source. Temperatures
were set based on experimental measurements.

Table 3. Material specifications used in the investigation are based on the experimental setup. [27]

Physical property Canopy Ground Chimney (tall) Heat Trap
Material Perspex Black pebble PVC Black painted aluminium
Absorption coefficient 0.06 0.9 0.04 0.9
Transmission coefficient 0.92 0 0 0.05
Density (kg/m®) 2700 2640 833 2719
Specific heat (J/kgK) 840 820 1170 871
Thermal conductivity (W/m-K) 0.78 1.73 0.19 260.4
Emissivity 0.9 0.9 0.91 0.7
Table 4. Different models tested for the grid independence study.
Mesh model ~ Element count ~ Mass flow rate (kg/s) % Diff. ~ Velocity (m/s) % Diff.
1 4364 0.097777 4.40% 0.511 22.1%

www.rericjournal.ait.ac.th
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7880 0.093477
17929 0.092331
27345 0.091946

1.23% 0.398 18.8%
0.42% 0.323 4.95%
- 0.307 -

Boundary Conditions
Pressure inlet
Pressure outlet
Wall — Heat flux
Wall — Mixed

Wall — Adiabatic
Wall — Temperature

I

Zone A — Fluid

Fig. 5. Boundary conditions for the simulation.

5. EXPERIMENTAL RESULTS

The experiment was conducted over two different days:
day 1 for cases 1-a, 1-b, and 1-c, and day 2 for cases 2—
a, 2-b, and 2-c. The solar irradiance and ambient
temperature measurements for these two days are shown
in Figure 6. While at 12:00 pm, the solar irradiance
between days 1 and 2 was similar. However, for day 1,
during which the bare chimney measurements were
taken, solar irradiance was higher by an average of 14%
from 1:00 pm to 3:00 pm. Comparison of the ambient air
temperature readings between the two days shows that
ambient air temperature increased at the same rate as
solar irradiance, which supports that all the temperature
readings can be taken based on solar irradiance variation.

Solar Irradiance  Ambient Temperature

/1 pava —e— Dayl

—1 Dpay2 —— Day2
T 1200 - a0 &
5 o
= 1000 -+ 30 =
3 ®
= 800 - - 20 8
=] E
£ 500 10 2
= £
< 400 e 0 2
v 12:00 13:00 14:00 15:00 E

Time

Fig. 6. Solar irradiance for days 1 and 2, recorded between
12:00 pm and 3:00 pm.

5.1 Average Temperature Rise in the Chimney

To evaluate the effectiveness of the heat trap, the
temperature readings of air at the chimney outlet are one
of the most direct measures when compared with the
ambient temperature for each case. This parameter is
called the temperature rise. When the solar irradiance
was 620 - 630 W/m?, the average temperature rise was
3.57 °C. In comparison with the model with heat trap,
the average temperature rise was 4.23 °C. This translated
to an improvement of 18.5% in temperature rise for the
model with heat trap at lower solar irradiance. At higher
solar irradiance of 878 — 910 W/m?, the temperature rise

for the bare model was 3.97 °C, and for the model with
heat trap is 7.27 °C, which is an improvement of 83.1%
at higher solar irradiance. Figure 7 illustrates that the
average temperature rise in the model with heat trap
increased with increasing solar irradiance more than in
the bare model. This shows that the heat trap is more
effective with higher solar irradiance at increasing the
temperature in the chimney. The heat storage capacity of
the heat trap may explain this; as the day progresses and
solar irradiance increases, the heat trap can store more
energy and transfer it as heat to the air in the chimney.

5.2 Average Air Velocity at Chimney Outlet

At lower solar irradiance of 620 - 630 W/m?, the air
velocity at the chimney outlet was close in both cases, at
approximately 0.20 m/s. As solar irradiance increased to
878 — 910 W/m?, the average outlet air velocity in the
bare model was 0.47 m/s, and in the model with heat
trap was 0.77 m/s. Figure 8 shows the average air
velocity trend recorded at the chimney outlet. In both
cases, air velocity increased with solar irradiance. At all
levels of solar irradiance, the average air velocity for the
heat trap cases surpassed those of the bare chimneys.

B Heattrap ® Barechimney
e
S 10 A
s
® ®] .
% 6 . ..a"'. sast
il FEL ¢.n-"'.'...
g 4B e
E !oo'
= 2
=
% D LU A B N B B B A | rr T rrrrr e r T
m
o 600 700 800 800 1000 1100
=
< SolarIrradiance (W/m?)

Fig. 7. Average temperature rise achieved between the bare
chimney and heat trap cases.
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Fig. 8. Average velocity of air at the chimney outlet
between bare chimney and heat trap cases.

5.3 Effect of Collector Size

The effect of changing the collector size on the solar
chimney performance can be seen in Figures 9 (a) and
(b). The performance indicator (P.l.) is calculated using
Equation 15.

All cases were analyzed at two levels of solar
irradiance: 650 W/m? and 850 W/m?. For the bare
chimney at 650 W/m?, the P.l. for cases 1-a and 1-b
were 0.01655 and 0.01651 kg-K/s, respectively, which is
a 0.24% difference. In case 1-c, the P.l. increased to
0.02265 kg-K/s, which is 37.2% higher than in case 1-b.
At 850 W/m?, the P.1. for the three cases were 0.03539,
0.04579, and 0.05915 kg'K/s, respectively, which is
equivalent to 29.0% improvement in the P.l. when
comparing cases 1-a and 1-b, and between cases 1-b
and 1-c.

For the models with heat trap at 650 W/m?, the P.1.
for cases 2—a, 2-b, and 2—c were 0.004146, 0.01186, and
0.0202 kg-K/s, respectively, which is an improvement of
186% and 70.3% each as the collector diameter was
increased. These results indicate that the increase in
collector size, combined with the heat trap assembly,
may significantly improve the SC performance in terms
of temperature rise and mass flow rate even at lower
solar irradiance.

—¢— 2.4-m-Diameter
—0— 6.6-m-diameter

~—@—4.16-m-Diameter

)

o

N

v
|

0.2

L

0.15

0.1 1

0.05 +

0O+—————71 7
600 800 1000

Performance Indicator (P.l.

Solarlrradiance (W/m?)

(@)

—0— 2.4-m-Diameter
—0— 6.6-m-diameter

~@— 4.16-m-diameter

0.25 ~

600 700 800 900

Solarlrradiance (W/m?)

Performance Indicator (P.1.)

(b)

Fig. 9. Performance indicators (P.l.) for different
collector sizes for the (a) bare chimney and (b) heat trap
cases.

5.4 Averaged Performance Indicator and Collector
Efficiency

The system's performance with and without a heat trap
was averaged for all the collector diameter cases and
presented in Figure 10. The trend indicates that the P.I.
improved with the heat trap as solar irradiance increased.
The P.l. was predicted and compared for two solar
irradiance levels in Table 5.

Table 5. Predicted P.1. comparison of the SC with and without heat trap assembly.

Solar irradiance (W/m?)

P.l. Bare chimney (kg-K/s)

P.1. Heat trap (kg'K/s)  Percentage increase (%)

750 0.0281
950 0.0639

0.0327
0.1752

16.05
174.23

From 750 W/m?, the P.I. for the bare chimney and
heat trap cases were 0.0281 and 0.0327 kg-K/s,
respectively, which is a 16.4% improvement in the
model with heat trap assembly. At 950 W/m?, the P.I.
values increased to 0.0639 and 0.1752 kg-K/s, which is a
174.2% increase in the model with the heat trap
assembly. This finding indicated that as solar irradiance
increased through the day, the heat trap was effective as
a heat storage medium and at transferring the heat to the
air in the chimney.
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The collector thermal efficiency was calculated
using Equation 18 and presented in Figure 11. For the
2.4-m-diameter collector, the model with heat trap
showed higher collector efficiency at 1.25%, compared
to the bare model at 0.96%. The trend continued for the
models with 4.16-m-diameter and 6.6-m-diameter,
which showed that the heat trap model recorded a higher
collector efficiency than the bare model. For this
investigation, the collector efficiency must not be
analyzed by different collector sizes but by the heat trap
addition at a specific collector size. This is because the
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collector efficiency is proportional to the mass flow rate
of air through the system. The constant chimney height
throughout the investigation maintained the stack effect
that drives the flow through the system. At the same
time, the energy input into the system increases with
increasing collector canopy area. This directly reduces
the thermal efficiency of the larger collectors in this
investigation. However, at specific collector sizes, the
effect of the heat trap assembly was significant and
positive compared to the bare chimney model.
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Fig. 10. The system’s average performance between bare
chimneys and heat trap cases.
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Fig. 11. Collector efficiency between bare chimney and
heat trap cases at all collector sizes.

6. SIMULATION RESULTS

The results from the simulation provided more insight
into the velocity and temperature trends in the chimney,
both with and without a heat trap. Validation of the
simulation procedure was conducted by comparing the
results with experimental data presented in the previous
section. Two cases were investigated with a 6.60-m
collector diameter based on models 1-c (bare chimney)
and 2—c (with heat trap).

6.1 Validation of Numerical Results

The bare case (based on model 1-c) was checked against
experimental data of the same design for validation. The
air outlet temperature values for the experiment and
simulation were 317.0 K and 311.7 K, respectively,
which is a difference of 1.7%. The air outlet velocity for
the experiment and simulation were 0.8 m/s and 0.812
m/s, respectively, which is a difference of 1.5%. The

computational simulation was performed using constant
ambient conditions as recorded in the relevant
experiment with solar irradiance of 1000 W/m?2. This
simplification would not impact the main objective of
this paper in a significant way since it is a comparison
between various design conditions under the same
weather conditions.

The computational simulation procedure is
acceptable as the percentage of the difference between
the experiment and simulation data is within a
reasonable agreement.

6.2 Chimney with Reducer — Temperature Results

To quantify the trap's effectiveness in transferring heat
to the airflow, Figure 12 compares the airflow
temperature at the top of the chimney along its diameter.
The higher temperature in the fluid zone at the heat trap
region was apparent near the chimney walls. For the
bare chimney model, the temperature at the flow center
was 321.45 K, which reduced to 321.08 K at the
chimney wall. With the heat trap, the air temperature at
the flow center was 321.45 K and it increased to 326.76
K near the wall (heat trap surface). There was a 12.75%
increase in average temperature rise across the chimney
diameter at the heat trap region.

6.3 Chimney with Reducer — Velocity Results

Due to the generally low air velocity in these
investigations, the effect of the heat trap could be seen
clearly in the contours of velocity magnitudes, as shown
in Figures 13 (a) and (b). In Figure 13 (a), air velocity
was highest at the center and reduced gradually towards
the chimney wall. For the model with heat trap in Figure
13 (b), there was an increase in air velocity away from
the wall that was higher than the velocity at the center.
This finding coincided with the plot of air temperature in
Figure 12, where the increase in air temperature near the
heat trap surface lowered the air density in that region
slightly and enhanced its buoyancy, therefore driving
more air out of the outlet. By design, the reducer's effect
in increasing the flow's velocity was apparent as the air
velocity increased rapidly at the top of the reducer at the
outlet. In fact, the higher velocity caused by the reducer
was greater than the heat trap's effect in increasing air
buoyancy in these investigations.
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Fig. 12. Air temperature profile before the chimney outlet,
plotted along the chimney diameter.
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Fig. 13. Contours of the air velocity magnitude at the chimney top for 6.6-m collector diameter.
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Fig. 14. Air velocity profile at the chimney top (before
reducer section).

Figure 14 compares the air velocity plot at the top
of the chimney along the chimney diameter. or the bare
chimney model, air velocity at the flow center was
maximum at 0.273 m/s and reduced to zero at the
chimney wall. With the heat trap, the air velocity at the
flow center was maximum at 0.260 m/s. While this
value is lower compared to the bare case, the heat trap
improves the buoyancy of air near its surface, increasing
the velocity of air near the walls.

6.4 Simulation with 14-m Chimney

A numerical simulation was done for an SC model with
a 14-m chimney. The modelling approach is identical to
that described in sections 4.1 and 4.2 for all the design
parameters; the difference in this model is that the 14-m
chimney made of PVC replaces the mock chimney with
the reducer described in the previous simulation model.

www.rericjournal.ait.ac.th

The collector diameter was maintained at 6.60 m for all
simulations.

The motivation for investigating this model was to
gain insight into the velocity trends at the top of the
chimney with and without the heat trap assembly. As
seen in previous simulation results for velocity (Figure
13), the effect of the reducer in increasing the air
velocity at the outlet was greater than the enhanced air
buoyancy from the temperature rises due to the heat trap.
The model presented in this section may provide more
insight as its design is closer to the real solar chimney
model with typically tall chimneys. The numerical
simulation was performed on three models: (1) a bare
chimney (PVC), (2) a bare chimney (PVC) extended
with heat trap assembly, and (3) a bare chimney (PVC)
with a similar height to model (2). The heat trap
assembly that is added to model (2) is based on the
experimental model of the heat trap, which is made of a
Perspex tube and inserted with a nano-painted
aluminium metal, as shown in Figure 4.

The bare chimney model showed a constant
temperature profile across the diameter, at 316.8 K,
while the heat trap model shows that the temperature
increased to 317.6 K near the wall. This shows
convection heat transfer between the heat trap and the
air inside the chimney. However, this energy transfer is
limited to the air in the near-wall regions due to the
moving air flow toward the chimney outlet.

Figure 15 shows the temperature contour of air at
the top region of the chimney with a heat trap. At the
heat trap surfaces, air temperature was up to 330 K.
There was a 4.31% increase in average temperature rise
across the chimney diameter at the heat trap region.



http://www.rericjournal.ait.ac.th/

Abdul Jamil I.E., Al-Kayiem H.H., and Gilani S.1.U. / International Energy Journal 24 (June 2024) 109 — 122 119

3.56e+02
3.54e+02
3.52¢+02
3.49e+02
347e+02
3.44e+02
3.42e+02
3.39e+02
3.37e+02
3.34e+02
3.32e+02
3.29e+02
3.27e+02
3.24e+02
3.22e+02
3.19e+02
3.17e+02
3.14e+02
3.12e+02

(k]

Fig. 15. Air temperature contours at the chimney outlet region for the 15-m chimney with heat trap.

The centerline air velocity for the bare chimney
and heat trap cases were 0.150 m/s and 0.157 m/s,
respectively. The velocity was higher in the heat trap
model as the flow approached the heat trap surface. This
tied in with the increase in air temperature calculated at
this region, which translated to lower density and higher
mobility of air in the region near the walls.

The mass flow rate results for Model (1) recorded a
value of 0.2615 kg/s. When the heat trap assembly was
added at the chimney exit in the model (2), the mass
flow rate is 0.2630 kg/s, which is a 0.57% improvement.
For model (3) with the 15-m chimney and no heat trap,
the mass flow rate is 0.2623 kg/s. The increase in
performance indicator is 5.5% when the heat trap
assembly is added at the top of the chimney. Compared
with simply adding an equivalent height of the same
chimney material, which gives a 0.8% improvement, the
heat trap drives the flow out of the system more.

7. CONCLUSIONS

Experimental and numerical investigations were
conducted to test the performance of a heat trap
assembly made of a nano-painted aluminum plate,
improving the flow inside the chimney of a solar
chimney power plant. From the experimental and
numerical results, the following conclusions can be
made:

e The heat trap could store energy and enhance the
heat transfer to the air in the chimney later in the
day, regardless of the collector’s size.

e An increase of 83.1% in air temperature at the top of
the chimney model was seen with the proposed heat
trap assembly. The performance indicator, P.I.,

showed an improvement of up to 174.2% at higher
solar irradiance levels.

e From the simulation, temperature results showed that
air temperature started to increase near the walls
from the heat trap location. An increase of 4.31% in
average temperature rise was seen at the chimney
outlet with the 14-m chimney with heat trap.

e The performance indicator, P.l., showed an
improvement of 5.5% when a heat trap was modelled
on the 14-m chimney, which was more than the
improvement shown by simply extending the height
of the bare chimney.

The effectiveness of the heat trap in the
experimental setup with mock chimney and the
numerical simulation encourages the construction of the
heat trap on a real 14-m tall chimney, and pilot plants of
bigger scales. Its performance could be analyzed further
to test the effects with real environmental conditions
including ambient winds. The heat trap’s ability to
increase the plant performance may eliminate the need
for increasing chimney height, which may reduce
construction cost and complexity.
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