-

View metadata, citation and similar papers at core.ac.uk brought to you by .i CORE

provided by CURVE/open

Heating performance of a solar
chimney combined PCM: a numerical
case study

Liu, S. and Li, Y.
Author post-print (accepted) deposited in CURVE April 2016

Original citation & hyperlink:

Liu, S. and Li, Y. (2015) Heating performance of a solar chimney combined PCM: a numerical
case study. Energy and Buildings, volume 99 (July): 117-130
http://dx.doi.org/10.1016/j.enbuild.2015.04.020

DOl  10.1016/j.enbuild.2015.04.020
ISSN  0378-7788

Publisher: Elsevier

NOTICE: This is the author’s version of a work that was accepted for publication in Energy
and Buildings. Changes resulting from the publishing process, such as peer review, editing,
corrections, structural formatting, and other quality control mechanisms may not be
reflected in this document. Changes may have been made to this work since it was
submitted for publication. A definitive version was subsequently published in Energy and
Buildings, [99, 2015] DOI: 10.1016/j.enbuild.2015.04.020

© 2015, Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/

Copyright © and Moral Rights are retained by the author(s) and/ or other copyright
owners. A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge. This item cannot be reproduced or quoted extensively
from without first obtaining permission in writing from the copyright holder(s). The
content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the copyright holders.

This document is the author’s post-print version, incorporating any revisions agreed during
the peer-review process. Some differences between the published version and this version
may remain and you are advised to consult the published version if you wish to cite from
it.

CURVE is the Institutional Repository for Coventry University


https://core.ac.uk/display/228144496?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.enbuild.2015.04.020
http://creativecommons.org/licenses/by-nc-nd/4.0/

Accepted Manuscript

BUILDINGS

o etermabues oreal deveted s mvesbysts.
o ooy e o ey i bk

Title: Heating Performance of a Solar Chimney Combined
PCM: A Numerical Case Study

Author: Shuli Liu Yongcai Li

PII: S0378-7788(15)00319-9

DOI: http://dx.doi.org/doi:10.1016/j.enbuild.2015.04.020
Reference: ENB 5812

To appear in: ENB

Received date: 18-11-2014

Revised date: 14-2-2015

Accepted date: 12-4-2015

Please cite this article as: S. Liu, Y. Li, Heating Performance of a Solar
Chimney Combined PCM: A Numerical Case Study, Energy and Buildings (2015),
http://dx.doi.org/10.1016/j.enbuild.2015.04.020

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/doi:10.1016/j.enbuild.2015.04.020
http://dx.doi.org/10.1016/j.enbuild.2015.04.020

HIGHLIGHTS

The heating performance of the proposed system was numerically studied.

Seven design and operating parameters of the proposed system were investigated.

The first five parameters need to be carefully selected to maximize the performance.

Thermal conductivity of absorber has less impact on the performance of the system.

Inlet air temperature is also an important factor in this study.
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ABSTRACT

An experimentally validated numerical model is developed to study the effects of seven
design and operational parameters on the heating performance of a solar chimney
incorporated with phase change material (PCM) in this paper. It is found that when the latent
heat increases from 70 to 170 kJ/kg, the melting time is increased by 103% and freezing time
is prolonged by 60%. If heat flux is increased by 33%, the melting time is reduced by 36.4%.
Increasing thermal conductivity of the insulation material from 0.02 to 0.06 W/m K, the
melting time is prolonged by 47.2 %. When absorptivity of the absorber is increased from 0.8
to 1.0, the melting time is decreased by 26.3 %. When transmissivity of the glass cover is

increased by 25 %, the melting time is reduced by 26.7%. For the inlet air temperature, when
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it decreases from 25 to 15 °C, the freezing time is shortened by 39 %. The melting time is only

reduced by 8% when thermal conductivity of the absorber is increased by 25 times.

Therefore, it can be concluded that the first six parameters have more impact on the system’s

performance. While the thermal conductivity of absorber slightly impacts it.

Keywords: Solar chimney; Phase change material; Heating performance; Numerical study

NOMENCLATURE

A area of absorber plate, m”

A, area of glass cover, m’

A; chimney inlet area, m*

A, chimney outlet area, m’

A, aspect ratio

C sensible heat of the PCM, kJ/kg K

C,; specific heat of glass cover, kl/kg K

Ca discharge coefficient

Corr effective heat capacity of the PCM, kl/kg K

Cr specific heat of fin, kJ/kg K

Coi specific heat of liquid PCM, kJ/kg K

Cos specific heat of solid PCM, kJ/kg K

Co specific heat of absorber plate, kJ/kg K

g gravitational acceleration, m/s’

h latent heat of fusion, kJ/kg

L height along the chimney, m

k thermal conductivity, W/m K

k. thermal conductivity of air, W/m K

kers effective thermal conductivity of PCM/fin, W/m K

L thermal conductivity of fin, W/m K

Kine thermal conductivity of insulation material, W/m K

Ky thermal conductivity of PCM, W/m K

m air airflow rate, kg/s

G applied heat flux, W/m?

hpw-g  radiative heat transfer coefficient between absorber and glass cover (W/m* K)
hopg-a  convective heat transfer coefficient between glass cover and air in channel (W/m* K)
heuw—a convective heat transfer coefficient between absorber and air in channel (W/m2 K)
[ — overall heat transfer coefficient from the absorber plate to the PCM, (W/m* K)
Roving convective heat transfer coefficient due to wind over glass cover (W/m” K)

t time, s

T temperature, K

T, the lower limit of the melting temperature range, K

T, the higher limit of the melting temperature range, K

Toir mean air temperature inside cavity, K

T, trapped air temperature, K

Tomp ambient temperature, K
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T, temperature of glass cover , K

T; air inlet temperature, K

T, air outlet temperature, K

Ty PCM temperature for internal node i, K

T, temperature of PCM, K

T.. temperature of absorber plate, K

Taxy sky temperature (K)

I, overall heat transfer coefficient from glass cover to ambient, (W/m’ K)

Uipe overall heat transfer coefficient between PCM and ambient through insulation material,

V volume of PCM container, m’
Ve volume of fin, m®

Va volume of PCM, m’

Vving wind velocity (m/s)

X Cartesian coordinate

Greek Symbols

A difference

p density, kg/m’

Peff effective density of PCM/fin, kg/m’
Py density of fin, kg/m’

Pg density of glass cover, kg/m’

Py density of PCM, kg/m’

P density of absorber plate, kg/m’
8y thickness of air, m

34 thickness of glass cover, m

5y thickness of PCM, m

G thickness of absorber plate, m

Bins thickness of insulation material, m
g absorptance of glass cover

B absorptance of absorber plate

o Stefan—Boltzmann constant (5.67 -10™® W/m*K")
g emittance of glass cover

g emittance of absorber plate

Ty transmittance of glass cover

¥ mean temperature approximation coefficient
v kinematic viscosity (m*/s)

g tilt angle, (°)

Subscripts

a air inside solar chimney

amb ambient

cv convection

eff effective
f fin

g glass cover cover

[ liquid

ins insulation material

p phase change material

r radiation

s solid

t total
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w absorber plate

1. Introduction

The continuous increase in the greenhouse gas emissions and the depletion in the fossil

fuels at an alarming rate is the main driving force to more effectively utilize new kinds of

renewable energy. One of the options is to develop effective energy storage technologies

which is as important as developing new sources of energy [1]. A good designed energy

storage technology would not only reduce the mismatch between the energy supply and

demand but also improve the efficiency and reliability of the systems [2, 3]. As a prospective

energy storage method, latent heat storage (LHS) has been attracting more attentions. The

most attractive advantages of the LHS are the high-energy storage density and constant

storing/releasing temperature corresponding to the phase transition temperature of the phase

change material (PCM) [4]. Generally, the LHS offers the following advantages [5, 6]:

reduced energy consumption, improved indoor air quality, increased flexibility of operation,

decreased equipment size, enhanced efficiency and effectiveness of equipment utilization,

conservation of fossil fuels, and reduced pollutant emissions, e.g. CO, and CFCs.

Being a simple and practical strategy, solar chimney has been regarded as an attractive

passive cooling and heating design. Solar chimney is an air channel to generate the driving

force through the thermal buoyancy, which is created by the solar energy in results of a

temperature rise as well as a density drop in the air within the solar chimney [7]. The thermal

performance of solar chimney has been experimentally and/or numerically investigated

extensively [8-11]. The results showed that solar chimney has great potential to reduce energy

consumption and therefore ultimately, reduce the air pollution and greenhouse gas emissions.
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However, the inherent disadvantage of the solar chimney which limits its application in space

heating is its incapability to work during night-time or cloudy day. It is because of the low

thermal storage capacity of the conventional storage materials such as concrete, brick and

metal, etc. used in the conventional solar chimney design. Besides, the outlet air temperature

varies with absorber temperature that would greatly impact the indoor thermal comfort level.

All of these drawbacks can be greatly alleviated with the advantages of the PCM. PCM can

replace the conventional storage material and store the solar energy gained from the absorber.

Stritih and Novak [12] designed an experimental solar wall for storing the solar heat

through the black paraffin wax with a melting temperature range of 25 ~ 30 °C. The stored

heat was used for heating and ventilation of a house. The experimental results indicated that

the LHS stores heat at a relatively constant temperature and the energy thus lost to the

surroundings is lower than that of the conventional sensible heat storage system. They also

found that the temperature of the outlet air delivered from the solar wall is relatively constant.

The thermal performance of a ventilated double skin facade (DSF) with PCM during the

heating season was experimentally studied by Gracia et al. [13]. Two identical house-like

cubicles located in Puigverd de Lleida (Spain) were monitored during winter. A ventilated

facade with PCM was located at the south wall of one of the cubicles. The ventilated facade

acted as a solar collector during the solar absorption period, and then discharged the solar

energy to the indoor environment when it was required. The experimental results concluded

that the use of the ventilated facade with PCM significantly improves the thermal behaviour

of the whole building (working as a heat supplier in free floating tests and reducing
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significantly the electrical consumption of the HVAC systems). Therefore the previous work

indicates that the application of the PCM in a solar heating system is very promising.

It is also important to highlight that the PCM does have a great influence on the

performance of a LHS system, Therefore, a parametric study is required to gain a further

insight into a PCM based solar chimney. The objective of this paper is to experimentally and

numerically investigate the impact of the design parameters on the thermal performance of a

PCM based solar chimney system. In this paper, the effect of several design parameters of the

solar chimney on the melting and freezing times, airflow rate and air temperature difference

between inlet and outlet air are studied. The investigated parameters of the system include the

latent heat of fusion, heat flux, thermal conductivity of the insulation material, absorptivity of

the absorber plate, transmissivity of the glass cover, inlet air temperature and the thermal

conductivity of the absorber. Moreover, how the parameters affect the absorber surface

temperature is also discussed in this study.

2. Experimental system description

2.1. Test rig setup

Fig. 1 shows the schematic diagram of the testing rig for the experimental study. The

experimental solar chimney consists of a glass cover, a PCM container, an air channel and

two openings. The air channel has the internal dimensions of 2000 mm high, 1000 mm wide

and 200 mm deep, and the side walls of the chimney are constructed from timber and

thermally insulated by polystyrene board to reduce the heat loss. An opening along the top

facade of the LHS unit is designed as the air outlet and another opening at the bottom acts as

the air inlet. The inlet and outlet have the same dimensions of 1000 mm wide and 200 mm
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high. A rectangular PCM container with the dimensions of 1000 mm wide x 1600 mm high x

40 mm deep is constructed by using stainless steel. A total of 50 kg PCM is macro-

encapsulated inside the container. Technical grade paraffin wax RT42 from Rubitherm is

chosen as the working PCM in this study due to its suitable thermo-physical properties as

listed in Table 1. As shown in Fig.3 (a), in order to accelerate the charging and discharging

processes of the PCM, 30 straight fins made of stainless steel are designed as the thermal

conductivity enhancer and each fin has the following dimensions: 1000 mm long, 40 mm high

and 1 mm thick. Each two fins are spaced by 50 mm so that the whole PCM is cut into

smaller layers. The front wall of the container is painted into black as the high thermal

absorptive absorber. Except the front side, all the other five sides of the PCM container are

well insulated.

There are two different operating modes are considered in this paper: 1) Vents closed

operating condition. Generally, the residential building is not occupied during the daytime,

and the indoor temperature is high enough to maintain the indoor thermal comfort when the

solar irradiation available. The chimney is closed to maximize the storage of the solar energy;

2) Vents open operating condition. The indoor air enters the inlet, and passes through the air

channel where it will be heated up by the absorber plate and then flows into the living space.

2.2. Monitoring parameters and positions

Monitoring parameters and positions are given in Fig.2. A total of 39 calibrated K-type

thermocouples with an accuracy of = 0.3 °C are distributed on the glass cover, absorber plate,

inside the PCM and the air channel. 9 K-type thermocouples are distributed to measure the

temperature profiles across the depth along the vertical centre-line of the chimney, whereas 3
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thermocouples are evenly placed at the vertical centre-line of the inlet. The average

temperature from the three measurements was calculated as the inlet temperature. The same

method is applied to determine the outlet air temperature. To measure the temperature

distribution of absorber surface, 12 thermocouples are fixed onto the surface evenly. The

external surface temperature of glass cover is determined by another 3 thermocouples. The

thermocouples are inserted inside reflective aluminium shields to reduce the measurement

error as much as possible.

In order to measure the temperature profiles inside the PCM and determine the melting and

freezing times, 9 thermocouples are inserted into the PCM at three different heights. As

shown in Fig.3, every three thermocouples are distributed at 5, 20 and 35 mm away from the

absorber surface at each height respectively.

When all thermocouples inside the paraffin record the same room temperature, this is

treated as the initial melting condition. As shown in Fig.1, the inlet and outlet are closed

during the charging period. Once the charging period is finished, the heat discharging period

starts. The inlet and outlet would be opened to drive the air flowing through the air channel

where it is heated up by the absorber plate. All monitored data are automatically recorded in a

Personal Computer (PC) through a data logger (DT85) at an interval of 20 s.

In order to generate the solar radiation flux, a solar simulator has been designed as the heat

source in this experiment. The multiple-lamp solar simulator is made up of a two-dimensional

wooden structure on which 14 tungsten halogen lamps of 400-W each are fixed. The tungsten

halogen lamp generates a spectrum similar to that of the solar light. These lamps were

installed in a staggered form in an area of 1.8 m long by 1m wide. The heat flux produced by
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the simulator system can be varied by changing the distance between the system and heat

absorber to meet the research requirement.

3. Theoretical model and validation

A mathematical model of the experimental setup is developed for the simulation of the

thermal performance of the solar chimney by changing the design and operating parameters.

The following simplifications have been made while writing equations for modelling.

3.1. Assumptions

In order to simplify the mathematical model, the following assumptions were made:

e One-dimensional heat transfer has been assumed for all energy transfer processes through

the glass cover, air channel, absorber plate and the PCM.

e The PCM behaves ideally, i.e. such phenomena as property degradation and super-cooling

are not accounted for.

o Thermophysical properties of the PCM for the solid and liquid phases are independent of

temperature.

e The PCM is homogeneous isotropic.

e Natural convection in the liquid phase of PCM has been ignored.

e The air channel of the system is well sealed when the openings are closed, i.e. no airflow

occurs inside it.

e The temperature of the air is uniform at any cross-section of the air channel, but may vary

along the flow direction.

e The air is treated as a perfect gas with the density linearly dependent on the temperature
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over the working temperature range.

With the above simplifications, heat transfer process between each major component of the
solar chimney in closed mode during charging process and in open mode during discharging

process can be described as follows.
3.2. Closed theoretical mode

The glass cover

Energy balance of the glass cover reveals that the glass receives energy in the form of solar
radiation and radiation from the absorber while it loses energy in the form of convection to air
in the solar channel and overall heat loss from glass to ambient. Energy transfer through the

glass cover therefore can be written as follows:

4T, . .
PgCgGgAng = g‘?s‘qg + hnw—g{ﬂv V4 Tg,:l‘qw - hmr,g—r:(.Tg - TE}AQ - Ur(Tg - Tamb}ﬂg
(1)

The trapped air

The heat-balance equation of the air trapped between the glass cover and absorber is

expressed as [15]:

.. AT .
PaCa8.4, d_: = hwg—rz {.Tg - TE}AE + hcz-‘,\-\'—ﬂ(Tw - TE}AE
2)

The absorber plate
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The absorber plate is made of a thin stainless steel with high thermal conductivity. Hence,
thermal gradients across the thickness of the absorber material are negligible. Consequently, a

one-dimensional analysis can be employed.

-~ &y
p W C\-’r’ o'ln-‘r' "4"4'{ ﬁ'_: =

T au"?s_ﬂw -
hr,w—_g {_Tw -
A -
hcr,w—r: (.Tw -
Ta }Aw N
hw—*p (T wo
T,)A,,

PCM

The method employed in the current work is based on the effective heat capacity
formulation, in which the latent heat is approximated by a large heat in sensible form over the
phase change temperature interval, (T; — Ty ). The effective heat capacity of the PCM (Cy )
is directly proportional to the energy stored and released during the phase change but
inversely proportional to the interval of the melting or solidification temperature range.

During the phase change, the heat capacity of the PCM is given as follows [16]:
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kR
Cﬂff = _l"r;_—l"-_ + C

“4)

The following is a definition of the effective heat capacity for each phase change period.

Cps T<T, solid
Cofr = %+C L =T =T; mushy
" Cpy T>T, liquid
(5)
PCM/fin mixture

Due to the presence of the fins, the heat transfer inside PCM/fins mixture is a very
complicated phenomenon because of the existence of the fins and different phases of PCM
(solid, mushy or liquid phase) during the charging or discharging process. This will require
separate energy equations for different components and phases. Hence an approximate
thermo-physical property method was experimentally verified by Chow et al. [17], and is
applied in this study. Approximating the thermo—physical properties of the mixture can
simplify the simulation process, and the average properties of the mixture based on the
volume rate of the PCM and fins unit are used in this numerical simulation. With this
assumption, the entire domain of PCM and fins component is treated as a single phase with
modified properties governed by one set of conservation equations [18]. The computing

equations for the average thermo-physical properties are expressed as [18]:

Page 13 of 44



ka_f +k pvp

gy = L2 ©)
_ PVfteptp
Pafpr = v
()
LR solig PCM
Copp = —Efvf-'-'j’ﬂr}vp mushy PCM
CrVr+CpiVp

— - liguid PCM

®)

The PCM is encapsulated by a metallic container, and the absorber plate serves as
heat exchanger, good thermal contact between the PCM and the container is assumed.
As shown in Figure 4, the PCM container is divided ton n=20 cells along the thickness
of the container. In terms of the definition of the effective heat capacity, the one dimensional

TRl
1

energy equation of the PCM for an internal node , can be expressed as:

4Ty ; y x y _
PsfrCeprdx Awd_:l = Hy—p (T — Tpi)Aw — :f'[Tm_.é — Tpie1) Au i=1;
dTp; Kk k . _
PapfleprdxA, d;'l = ,:_fr (Tpic1 — Tpi) A — :—i'f (Tpi = Tpix1) A =23, n—1;
iTp; k& ’ 3 .
PeffCeary dxA,, d;_'l = :if {fop,i—l - Tfp,i}Av.' - Uins{Tfp,i — Tamp ) Aw L=Mn;
©)

3.3. Open theoretical mode
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Once the charging period finishes, the solar simulator is turned off and the inlet and outlet
will be opened, meaning the discharging period begins. The air passes through the air cavity,
exchanges the heat with the absorber plate, and then flows back to the surroundings through
the outlet. The energy balance for various components of the system during the discharging

period is presented as below:

The glass cover

The energy transfers through the glass cover during the discharging period can be written

as follows:

4T, \
PQ Cg GQAQTf = h?"m'r'—g{Tw - Tg,}‘qw + hcr,rz —Q(Tﬂ g Tg}ﬂg - Ur{Tg - Tﬂmb}ﬂg

(10)

The absorber plate

Heat transfer analysis of the absorber plate considering the air flow is provided below:

dTy g .
d_: — hp—w{,T*p - Tm}A'u. - hr‘,w—g{Tw - Tg}‘qb\' - h‘w,w—rz(ﬂv —T.)4,,

P e B Ay

(11)

The working fluid — air

The energy balance equation for the working fluid can be written as:
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dT; . . . .
ﬂ_:pﬂ G = hm‘_.w—rz{.Tw - TE}AVF - hcz-‘,ﬂ—g{.Tﬂ - Tg.}Ag —mC,(T, — Tz} (12)

The relationship between air inlet temperature and air outlet temperature can be described

as below [18]:

TEI.i.I!": n"'r Ti. + (1 - T}TD

(13)

In the above equation, ¥ is the mean temperature approximation coefficient, the value of
0.74 has been suggested by Ong and Chow [19]; T;, is the mean temperature inside channel,

°C.

Airflow rate

The airflow rate generated by the buoyancy can be calculated by the following equation

[20]:

m = —2fafs oo _ 1)
JrHad/anN Ti

(14)
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3.4 Expression of heat transfer coefficient

The radiation heat transfer coefficient between the absorber and glass cover has been

obtained from [20]:

g = 0(T2 + TE) Ty + T,/ (1/6 + 1/, — 1)

(15)

Assuming the natural convection of the air between two parallel planes, the convective heat

transfer coefficient h., ;o between the glass cover and the layer of draped air is calculated

by using the following equations [15].

h‘CL‘,Q—E = hm:,w—fz = Nuk,/d,

(16)

The Nusselt number, Nu is given by the following relation [15]

Nu = [0.06 — 0.017(8 /90)]Gr1/3

(17)

where [ is the inclined angle of the absorber plate and the Grashoff number is
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(18)

Mean air temperature inside chimney is assumed to be equal to the average temperature

between the flat absorber and the absorber-side glass cover.

Tair = (Tw + Tg}/z

(19)

[7., the overall heat loss coefficient from the glass cover to ambient, including convection

by wind and radiative heat transfer from glass cover to sky. This can be written as:

Uy = hyyina + hng—sk}'

(20)

The convective heat transfer coefficient between the glass cover and the ambient depends

essentially on wind speed and can be calculate by [21]:

hwind =28+ B'GVWEHd

The radiative heat transfer coefficient from the glass surface to the sky referred to the

ambient temperature may be obtained from:

€2y
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hr,.g—sk;r = GE_Q’(TQ + Tsk}':}(Tg: + T;J‘c;;}{Tg - Tsk}'}!{(Tg - Tﬁmb} (22)

where the sky temperature is

Tty = 0.0552T g s (23)

The overall heat transfer coefficient from the absorber plate to the PCM h,,_ is given by:

Roweg=1/ (8 ey, + dx /2K o5 5) (24)

The overall heat transfer coefficient from the PCM to the ambient through the insulation

material is

[I.,.. given by:

’Uz'nszl/ (ains.‘{kins-l_ dx.'izkaff-l_ 1;}1&) (25)

In the above equation f is taken as 2.8 W/m?°C [21].

3.5 Solution of equations

For the charging period, the PCM is initially solid and the whole system’s temperature is

assumed equal to the ambient temperature, T,.,.,;,. The values for various initial conditions are

given in Table 2. For the discharging period, the PCM’s temperature and the
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temperatures of various components depend on the final melting condition. The air inlet
temperature equals to the ambient temperature, T.

A code is developed within ‘MATLAB’ to determine the temperatures of T,,,, T, 7, T, as
well as the airflow. The obtained mean air temperature, 7,; along with Eq. (13) can be used to
obtain the air outlet temperature. With the developed program, the performance of the solar
chimney combined with PCM and the related factors have been investigated under different

conditions.

3.5. Validation

A series of experiments are carried out under the identical experimental conditions to verify
the mathematical model and ensure the accuracy of simulations. The model is set up to
reproduce the experimental conditions and the same PCM and specifications of the
experimental setup are employed in the numerical model. The obtained numerical results of
melting and freezing times of the PCM, absorber surface temperature, airflow rate and air
temperature difference AT between the inlet and outlet air are compared with the those of the
experimental results for a uniform heat flux of g = 700 W/m®. As shown in Fig.5, it is clear
that good agreements between the numerical and experimental results are observed. This
coherence shows that the developed numerical model is acceptable and reliable.

It also can be seen from Fig.5 (c) and (d), the airflow rate and outlet air temperature
difference vary in a small range during the period which is dominated by latent heat. The little
variations in airflow rate and outlet temperature are the advantages for the design of such a

solar air heating system, because the heated air delivered from the solar chimney can be
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supplied to a living space with a comfortable condition during the discharging period.

4, Results and discussion

With the verified numerical model, the study on the effect of a number of design and

operational parameters on the thermal performance of the system is carried out. For the

heating application, four most important quantities are considered to evaluate the thermal

performance of the system. They are the melting/freezing time, absorber surface temperature,

airflow rate and inlet and outlet air temperature difference (AT = T, — T;). For a LHS system

design, the time taken for the whole PCM to melt or solidify is one crucial factor. Airflow rate

is a direct measure of how much warm air is delivered into the living space. Air temperature

difference and the absorber surface temperature indicate how much the air temperature is

elevated after heated by absorber surface. The simulation conditions for the following

parametric cases are given in Table 3.

4.1. Effect of latent heat of fusion

The considered values of the latent heat of fusions are 70, 120 and 170 kJ/kg, respectively.

As presented in Fig.6 (a), the latent heat of fusion has a great effect on the melting and

freezing times. The larger the latent heat of fusion, the longer melting and freezing times. The

melting times are 3.2 h, 4.6 h and 6.5 h accordingly, while the freezing times are 10 h, 13.5 h

and 16 h, respectively. It is seen that the effect of the latent heat of fusion on melting time is

more significant than that on freezing time. Moreover, the latent heat of fusion greatly affects

the absorber surface temperature during the melting and freezing processes (Fig.6 (b)). The

increase in absorber surface temperature is significantly higher during the melting period with
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comparison to the freezing period. Higher latent heat will absorb more thermal energy with
less sensible heat results in increasing the absorber surface temperature. And then the
absorber surface temperature for lower latent heat of fusion drops faster than higher ones. The
variation trends of the absorber surface temperature are similar with those of PCM
temperature. Fig.6 (c) and (d) show the effects of latent heat of fusion on airflow rate and air
temperature difference during the discharging period. As expected, the airflow rate and
temperature difference with lower latent heat of fusion are higher at the initial freezing period
but much lower after 6 hours releasing period. The larger latent heat of fusion will lead longer

heating period with constant airflow rate.

4.2. Effect of heat flux

The heat fluxes under consideration are q = 600 W/m?, 700 W/m® and 800 W/m’
respectively. As displayed in Fig.7 (a), the melting times are 8.8 h, 6.5 h and 5.6 h,
respectively, while the freezing time is 15 h, 17 h and 18 h accordingly. That is, a higher heat
flux increases the heat transfer rate during the melting period and therefore shortens the
melting time, and a higher heat flux induces more sensible heat stored which prolongs the
freezing time. As the charge period is limited by the period of solar energy availability, this
parameter of heat flux is an important factor to determine the efficiency of the system in
terms of melting and freezing time. Similarly, it is seen in Fig.7 (b) that the higher heat flux
results in the higher absorber surface temperature during the melting period but not
remarkable for freezing period. For instance, the surface temperature for heat flux of 800

W/m?® is only slightly higher than 700 W/m® during freezing period.
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Fig.7 (c) and (d) present the simulation results of the airflow rate and air temperature

difference during the discharging period, respectively. The airflow rate and temperature

difference both follow a similar pattern i.e. the values of initial airflow rate and temperature

difference are high and then drop sharply at a very short period, then are followed by a long

constant period during which the airflow and temperature difference are relatively stable, and

a dramatically decrease in the airflow rate and temperature difference at the late period of

freezing. As seen, the airflow rate and air temperature difference increase with the applied

heat flux raise but is not outstanding.

4.3. Effect of inlet air temperature

The predicted melting and freezing times for various air inlet temperatures 15 °C, 20 °C

and 25 °C under identical conditions are presented in Fig.8 (a). It is seen that the melting time

is around 6.6 h, the effect of air inlet temperature on the melting time can be ignored, since

there is no air flow rate occurs during charging period. However, it is found that the air inlet

temperature has a great impact on freezing time. The lower inlet air temperature induces the

shorter freezing time due to the increased heat transfer rate between the air and the absorber

surface. As shown, the freezing times are 12.5 h, 16 h and 20.5 h, accordingly. In the Fig.8 (b)

it is seen clearly that the inlet air temperature affects the surface temperature more greatly

especially during the freezing period. The lower inlet air temperature has a lower surface

temperature due to the high temperature difference between inlet air and absorber surface

leading to high heat transfer rate. Converse to the surface temperature, the lower inlet air

temperature results in higher airflow rate and temperature difference displayed in the Fig.8(c)
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and (d). As the higher inlet air temperature will reduce the temperature difference between the

air and the absorber surface, and then subdued the thermal buoyancy effect. The average

airflow rates and air temperature differences are 0.041, 0.039 and 0.037 kg/s, and 2.3, 2.0 and

1.8 °C under the inlet temperature of 15, 20 and 25 °C, respectively.

Although the lower inlet temperature increases the airflow rate and temperature difference,

the desired working time, namely within the initial sensible and latent heat discharge periods

of freezing is also reduced greatly. After a relative steady period, the heat transfer rate

between the air and surface plate drops quickly resulting in low airflow rate and temperature

difference to meet the heating purpose.

4.4. Effect of absorber thermal conductivity

Three metallic materials stainless steel, aluminium and copper are investigated in this study.

The thermal conductivities of copper, aluminium and stainless steel are 401, 226 and

16W/m-°C, respectively. As shown in Fig. 9(a), the melting times for the absorber made of

these three materials are 6.5 h, 6.3 h, and 6 h respectively. The melting time is only shortened

by 8% even the thermal conductivity of the absorber is increased by 25 times. And the

thermal conductivity of the absorber hardly impacts the freezing time during the discharging

period. This is because the wall of the absorber which is only 1mm, is very thin and the

overall heat transfer coefficient is mainly dominated by the thermal conductivity of the

PCM/fin mixture. Similar phenomenon is found in Fig. 9(b), the effects of thermal

conductivities of absorber only affect the surface temperature during the melting period

slightly but do not affect during freezing period. Fig.9 (c) and (d) present that the airflow rate
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and the outlet air temperature are scarcely affected by the thermal conductivity of the

absorber when other parameters are kept constant.

4.5. Effect of thermal conductivity of insulation material

Fig.10 (a) and (b) show the effect of thermal conductivity (0.02 W/m °C, 0.04 W/m °C and

0.06 W/m °C) of the insulation material on the melting and freezing times and on absorber

surface temperature. The melting times are 5.3 h, 6.6 h and 7.8 h, and the freezing times are

18.5 h, 16.5 h and 14 h, respectively. This indicates that the surrounding insulation situation

can impact the energy storage and releasing heavily. The effects of thermal conductivity of

the insulation material on airflow rate and temperature difference are shown in Fig.10 (c) and

d, respectively. The airflow rate and air temperature difference are clearly affected by the

insulation material accordingly. The higher thermal conductivity leads the less airflow rate

and less air temperature difference especially at initial and late period of freezing.

4.6. Effect of transmissivity of glass cover

The transmissivity of glass cover is another vital factor that directly impacts the incident

solar radiation and the fraction of incident solar radiation directly transmits through the glass

cover. Three values of transmissivities of glass cover, 0.8, 0.9, and 1.0, are given in this study.

As seen in Fig.11 (a), the corresponding melting times are 7.5 h, 6.4 h and 5.5 h, respectively,

and the freezing times are 16.5 h, 16.7 h and 16.8 h, respectively. The results indicate that the

transmissivity of the glass cover is an important factor in reducing the melting time while

maintaining freezing time, as the charge period is limited by the period of solar energy

availability. The effects of the transmissivity of the glass cover on the absorber surface
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temperature are similar to the melting and freezing times. The surface temperatures are
greatly affected by the transmissivity of the glass cover during melting process whilst slightly
affected by it during the freezing period as shown in the Fig.11 (b).

There is slightly influence in changing the transimmivity of the glass cover on the airflow
rate and temperature difference at the initial and late freezing periods (Fig.11 (c) and (d)). The
reason is that the higher transimmivity the larger amount of the heat stored in PCM during the

melting period, which leads the higher airflow rate and outlet temperature.

4.7. Effect of the absorptivity of the absorber surface

Leon and Kumar [22] have proved that the absorptivity has a stronger effect on the
efficiency of the absorber plate than emissivity. Liu et al. [23] has also confirmed that
absorptivity of the absorber surface played an important role on solar absorber efficiency.
This is because the absorptivity directly affects the total energy transferred to the PCM.
However, all these results obtained from the investigations primarily focused on solar dryers
or other solar heating applications, very few studies have been conducted on the effect of
absorptivity on the thermal performance of solar chimney integrated with the PCM.

The absorptivities of the absorber surface studied are 0.8, 0.9 and 1.0. For these selected
absorptivities (Fig.12 (a)) the melting times are around 7.6 h, 6.6 h and 5.6 h, whilst the
freezing times are 15.2 h, 16.7 h and 20 h respectively. Therefore, increasing the absorptivity
of the absorber plate will increase the heat transfer rate between the absorber and the PCM

results in completing the melting process quicker. Increase in absorptivity leads to the higher
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surface temperature of absorber and results in more energy is stored in PCM (Fig.12 (b)).
Consequent.ly, the freezing process is prolonged.

It is seen that increasing the absorptivity of the absorber surface will lift up the airflow rate
and the outlet air temperature particularly at the initial and late freezing periods presented in
the Fig.12(c) and (d). The airflow rates are slightly increased by around 0.01 kg/s and 0.02
kg/s, and the temperature differences are increased by 0.7 °C and 1.4 °C for the absorptivity

0f 0.9 and 1.0 during phase change period.

5. Conclusions

A comprehensive numerical study on the thermal performance of a PCM based solar
chimney has been carried out by using a validated mathematical model in this paper. The
thermal performance of the solar chimney has been investigated by evaluation of the effect of
seven design and operating parameters on the melting and freezing times, airflow rate, air
temperature difference as well as the absorber surface temperature. The following conclusions
can be drawn from the analysis:

1) The higher the latent heat of fusion the slower the melting/freezing process. For lower
latent heat, the extra sensible heat stored in the PCM prolongs the freezing time. This
can be stated that the effect of the latent heat of fusion on melting time is more
significant than that on freezing time.

2) As expected, higher heat flux shortens the melting time, and brings more sensible heat
which extends the freezing time. When the heat flux increases from 600 to 800 W/m?,

the melting time is reduced by 36.4%, while the freezing time is increased by 20%.
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3)

4)

5)

6)

With the specific climate, maximizing the heat flux from solar radiation will be crucial

to enhance the thermal efficiency of the solar chimney with PCM.

The insulation material with a lower thermal conductivity can reduce the heat loss and

improve the system thermal performance. Increasing the thermal conductivity from

0.02 to 0.06 W/m °C, the melting time is prolonged by 47.2 % and freezing time is

decreased by 24.3%. Therefore, in the practical application, excellent insulation of the

system will be an effective method to improve the system thermal performance greatly

with the least effort and cost.

Increasing the absorptivity of the absorber plate will enhance the heat transfer rate

between the absorber surface and the PCM, and therefore the PCM completes melting

process quicker. Consequently, the freezing process is prolonged. When the

absorptivity of the absorber plate in increased from 0.8 to 1.0, the melting time is

decreased by 26.3 %, whilst the freezing time is increased by 3.16%. The results

suggest that the absorber plate with high absorptivity should be used in this proposed

system in order to maximize the efficiency of solar absorber.

As expected, higher transmissivity of the glass cover allows more solar energy to be

absorbed, and storing more energy within limited solar radiation time. However, when

the transmissivity is increased by 25 %, the melting time is reduced by 26.7%, while

the freezing time is only increased by 1.8 %. Hence, the impact of transmissivity of the

glass cover on freezing time is not obvious.

Lower inlet air temperature increases the heat transfer rate between the air and the

absorber surface which results in a shorter freezing time and a higher air temperature
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difference between the inlet and outlet. When the inlet air temperature decreases from
25 to 15 °C, the freezing time is shortened by 39 %, and the air temperature difference
is increased by 27.8 %.

7) The thermal conductivity of absorber plays slight effect on the system performance.
The increase in the thermal conductivity of absorber from 16 to 401W/m-°C, the
melting time is only reduced by 8% and the freezing time is hardly affected. Hence,

the conductivity of materials should not be considered as crucial selection factor.
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Fig.1. Schematic of the solar chimney combined with PCM: (a) closed mode; (b) open
mode

Fig.2. Distributions of the thermocouples for the experimental testing (unit in mm):
(a) air channel; (b) absorber surface

Fig.3. Placement of the fins in PCM container and locations of the thermocouples
inside the container (unit in mm): (a) placement of fins; (b) lateral section; (c) cross
section

Fig. 4. Discretization domain for a one-dimensional phase change problem

Fig.5. Comparison of numerical and experimental results: (a) melting and freezing
times; (b) absorber surface temperature; (c) airflow rate; (d) air temperature
difference AT

Fig.6. Effect of different latent heat of fusions on: (a) melting and freezing times; (b)
absorber surface temperature; (c) airflow rate; (d) air temperature difference AT
Fig.7. Effect of radiation heat flux on: (a) melting and freezing times; (b) absorber
surface temperature; (c) airflow rate; (d) air temperature difference AT

Fig.8. Influence of inlet air temperature on: (a) melting and freezing times; (b)
absorber surface temperature; (c) airflow rate; (d) air temperature difference AT

Fig.9. Effect of thermal conductivity of the container on: (a) melting and freezing
times; (b) absorber surface temperature; (c) airflow rate; (d) air temperature difference
AT

Fig.10. Effect of thermal conductivity of the insulation material on: (a) melting and

freezing time; (b) absorber surface temperature; (c) airflow rate; (d) air temperature
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difference AT

Fig.11. Effect of transmissivity of the glass cover on: (a) melting and freezing times;
(b) absorber surface temperature; (c) airflow rate; (d) air temperature difference AT
Fig.12. Effect of absorptivity of the absorber surface on: (a) melting and freezing
times; (b) absorber surface temperature; (c) airflow rate; (d) air temperature

difference AT
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Tablel

Thermophysical properties of RT 42[14]

Thermophysical properties

Paraffin RT 42

Melting temperature [°C] 38~43

Thermal conductivity [W/m K] 0.2

Heat of fusion [kJ/kg] 174

Density [kg/m’] 760

Specific heat capacity (kJ/kg K) 2.0

Table 2

Initial conditions for numerical modelling

Parameters Unit Value Parameters Unit Value
PCM temperature °C 15 Air inlet temperature °C 15
Heat flux W/m? 700 Latent heat of fusion kJ/kg 174
Thermal conductivity of W/m°C 16 Thermal conductivity of W/m°C 0.0361
the container the insulator

Thickness of insulation  m 0.05  Transmissivity of -- 0.88
material glazing

Emittance of glass -- 0.90  Emittance of the -- 0.94
cover absorber

Absorptance of the -- 0.94  Absorptance of the glass - 0.06

absorber
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Table 3
Simulation conditions for different parametric cases

Parameter Initial PCM Inlet air Heat Latent heat Thermal Insulator thermal | Transmissivity | Absorptivity of
temperature | temperature flux of fusion conductivity of conductivity of glazing the absorber
(°C) (°C) (W/m2) (kJ/kg) absorber (W/m-°C) surface
(W/m-°C)
Latent heat of .
) 20 20 700 variable 16 0.04 0.9 0.9
fusion
Heat flux 20 20 variable 170 16 0.04 0.9 0.9
Inlet air .
20 variable 700 170 16 0.04 0.9 0.9
temperature
Absorber
thermal 20 20 700 170 variable 0.04 0.9 0.9
conductivity
Insulator
thermal 20 20 700 170 16 variable 0.9 0.9

conductivity

Transmissivity
of glazing
Absorptivity of
the absorber

20 20 700 170 16 0.04 variable 0.9

20 20 700 170 16 0.04 0.9 variable
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