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Abstract

In this paper, heat transfer and flow in the two types of composite solar wall with porous absorber has been studied. The ‘unsteady’
numerical simulation is employed to analyze the performance of the flow and temperature field in the composite solar wall. The excess
heat is stored within the porous absorber during solar radiation and there is stratification in the porous layer. So, the porous absorber
works as thermal insulator in a degree when no solar shining is available. The heating characteristic of the two types of the composite
solar wall with porous absorber has been analyzed. The influence of the particle size, the porosity, the thermal conductivity of porous
layer and the porous absorber position in the solar composite wall on the air temperature in the heated room is significant. The results
show that all these factors should be taken into account for a better design of the heating system.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Passive solar heating is widely used in the cold climates.
The storage walls have been extensive use since the works of
Trombe [1,2] were published. The standard Trombe wall
has the drawback of low thermal resistance, which leads
to significant losses at night-time or during periods with
no sun. Furthermore, part of the heat supply cannot be con-
trolled (risk of overheating). A composite solar wall enables
these drawbacks to be overcome. The composite collector
system was studied [3], which consists of a glazing wall, a
massive wall and an insulating wall; there is a convective
channel between the massive wall and the insulating wall,
and no convective channel locates between the massive wall
and the glazing. The composite collector system with por-
ous absorber was also conceived and studied. A porous wall
is used between the glazing and the massive wall [4,5] or a
non-convective porous wall [6]. In these cases, the absorbed
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solar radiation is transmitted to the heated room by con-
duction and convection, the characteristics of non-convec-
tive porous wall should be analyzed further.

In this study, the two kinds of composite wall with con-
vective porous absorber shown schematically in Fig. 1 have
been investigated. The numerical simulation was carried
out to analyze the variation of the flow and the tempera-
ture field in the composite solar wall and the effects of
the particle size and the porosity within the porous layer,
the thermal conductivity of porous layer and the porous
absorber position in the solar composite wall on the heat-
ing. Major objective of the present study focuses on the
selecting efficient strategies for the composite solar wall sys-
tem with porous absorber of the heating building.

2. System description and mathematical analysis
2.1. System description

The two kinds of passive solar composite wall with por-
ous absorber under investigation are schematically shown
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Nomenclature

A area (m?)

¢ specific heat (J/(kg K))

C inertia coefficient (see Eq. (10))

d diameter (m)

g gravitational acceleration vector (m/s?)

Gaun rate of solar flux incident on the glass cover
(W/m?)

hpo horizontal coordinate of the outside surface of

the porous absorber (m)

horizontal coordinate of the inside surface of the

porous absorber (m)

N convection heat transfer coefficient between the
air in the heated room and the inside surface
of the thermal storage wall (W/(m? K))

k thermal conductivity (W/(m K))

k¢ fluid thermal conductivity (W/(m K))

km apparent thermal conductivity (W/(m K))

k

k

s solid thermal conductivity (W/(m K))
W thermal conductivity of thermal storage wall
(W/(m K))
K permeability of porous medial (m?)
)4 pressure (Pa)
Oapo  convective heat exchange between the air and

the outside surface of the porous absorber (J)
Oapi convective heat exchange between the air and
the inside surface of the porous absorber (J)
Oecai convective heat exchange between the air and
the inside surface of the glass cover (J)
convective heat exchange between the ambient
air and the outside surface of the glass cover (J)
Oep thermal radiation exchange between the glass
enclosure and the surface of porous absorber (J)
thermal radiation exchange between the glass
enclosure and sky (J)
Opw  thermal radiation exchange between the surface
of thermal storage wall and the porous absorber
surface (J)
Owr heat exchange between the air in the heated
room and the enclosure except the surface of
thermal storage wall (J)

Qcao

Qgsky

T temperature (K (°C))

Tao ambient temperature (°C)

Troom air temperature in the heated room (K (°C))
u velocity component in x-direction (m/s)

|U4] mean velocity (: \Jud + vﬁ) (m/s)

v velocity component in y-direction (m/s)

14 volume of heated room (m?)

X horizontal coordinate (m)

y vertical coordinate (m)

Greek symbols

p thermal expansion coefficient (1/K)

T time (s)

r exchange coefficient

u dynamic viscosity (kg/(m s))

p density (kg/m?)

0 porosity of the porous medium

He absorptivity of the glass cover

Hp absorptivity of the porous absorber outside sur-
face

0 transmissivity of the glass cover

Subscripts

c cold wall

d Darcy

eff effective

f fluid

m apparent mean

p porous medial

room heated room

s solid of porous absorber

wall thermal storage massive wall

Superscripts

— average

+ on the right side of the horizontal coordinate
position

- on the left side of the horizontal coordinate po-
sition

in Fig. 1a and b. The composite wall locates on the south
side of the heated room and consists of a glazing, a massive
thermal storage wall and a porous layer that is used
between the glazing and the massive thermal storage wall.
There is an air gap between the glazing and the porous
layer. The composite wall system in which the porous layer
adheres with massive thermal storage wall is contact type,
shown in Fig. la. In contrast, there is an air channel
between the porous layer and the massive thermal storage
wall, which has a top and a bottom vent to facilitate the
convection, is called separation type shown in Fig. 1b.

The porous layer is heated by solar radiation. A part
of solar energy is absorbed and stored in the porous
layer, the rest energy transmitted through the porous
layer is available to increase the air temperature in the
heated room and stored in the massive thermal storage
wall.

2.2. Theoretical modeling

The flow is assumed to be laminar and two-dimensional.
The Boussinesq approximation is used to account for the
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Fig. 1. Schematic of a passive solar composite wall with porous absorber: (a) contact type passive solar composite wall with porous absorber and (b)

separation type passive solar composite wall with porous absorber.

density variation. While the flow in the composite wall
except the porous absorber is governed by the Navier—
Stokes equations, flow in the porous absorber is governed
by Brinkman-ForchHeimer Extended Darcy model [7].
The mathematical model is described below:

For the flow in the composite wall (except the convective
porous layer), the governing equations can be written as

Continuity equations

Momentum equations

O(pu)  d(puu)  d(pvu)
ot + Ox + oy

g 0 Ou 0 Ou
—ara ) 5 (5) 2

Opv) | Opuv) | (pv)
ot Ox qy

op 0 ov 0 ov
6y+ o <'u6_x> +@( 6y> + pgf(T — Tc) (3)

Energy equation

O (WL o O0) 2 ((OT) L O (8T
PP TP\ & ) T \Fax ) Ty My

For flow and heat transfer in the convective porous
layer, the governing equations can be written as
Continuity equation

=0 (5)

Momentum equations

pOug p Ouyg Ougy
6o " 0( R ay)
_ Oop 0O Oug 0 Oug
= _6x+6x< effax> +6y (ﬂeff o )
u co 5
- e (6)
plua p(, O
0o o\"ax TGy
- ap 0 al)d 0 évd
- a + = ax (lueff a > + ay (lueff ay)
v,
-2 f ulea -+ pgh(T — T0) (7)
Energy equation
(pc) a_T+ E)T+ oT
pc m pc Uq a U4 =— ay

o(, or\ o[, oT
“a(0a) 15 () ®

where all constants and variables are defined in the nomen-
clature, Egs. (5)—(8) form the full set of equations used to
model convective flows in porous media. Egs. (6) and (7) con-
tain the usual balance of forces between viscosity and pres-
sure gradient known as Darcy’s law (viz. the 3rd and 6th
terms), which are extended by the further inclusion of terms
modeling in turn advective inertia (Ist and 2nd terms),
boundary effects (the 4th and 5th terms: the Brinkman term)
and form-drag (Forchheimer inertia, the 6th term). Eq. (7)
contains buoyancy (the 8th term). The values for the perme-
ability K and the inertia coefficient C in the momentum equa-
tions for the porous layer are given by Ergun (1952)[8,9]. For
the porous layer of particle diameters dj, and porosity 0.

2 n3
:LZ 9)
175(1 — 0)
1.75
c= LT g (10)

V175
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In addition, models for the effective properties (ueg and k)
of the porous medium are needed. It has been found that
taking peg = yr in Brinkman’s extension provides good
agreement with experimental data (Neale and Nader,
1974) [10] and is adopted in the present work. In present
study, the conductivity of the medium k,, and (pc), is cal-
culated as following: k,, =0k +(1 — 0k, (pC)m=
O(pe)e+ (1 = 0)(p o)s [11].

2.3. Boundary conditions and initial conditions

Numerical simulations were performed for sunny and
control based on air temperature and operative conditions
was considered. A typical cold day was considered for
Shanghai, China in November with the outdoor tempera-
ture [12] and solar irradiance variation [13] given by Egs.
(11) and (12).

Tao(7) = Tag + Ty cOS (1—”2 (t - 14)) (11)
~ . T—a
Gaun(7) = Gy SIn (b—an)’ a<t<b (12)

where T, is the average outside temperature of 15 °C; T,
is amplitude of 6 °C; Gy is maximum solar irradiance of
400 W/m?; a is sunrise hour of 6 o’clock in the morning;
b is the sunset hour of 18 o’clock in the afternoon; t: time,
hours.

The fluid in the solar heating system is initially stagnant
and at a uniform temperature which is the same as the
ambient temperature. In terms of mathematical expres-
sions, the initial and boundary conditions drawn from
energy-balance equations are given below:

For the glass cover of the composite wall

”gGSUn + Qgsky + Qgp + Qcai + Qcao = 0: U= 07 v=0
(13)
For the porous absorber outside surface
dT
X = hpm kmAP EP = 57]stunAp + Qgp + Qapo

u|x:h;0 = u‘x:h;ro? U|x:h;0 = U|x:h;;o7 p|x:h;o = p|x:h;;07
Ouy n Ovg ~ (Ou n ov
Hm o x|, # Oy ox
x=hs,

For the separation type porous absorber inside surface

—
x=hp,

(14)

dr
X = hpia I<mAPEp = pr + Qapi’

ulx:h;i = ulx:h;’ v‘x:h‘; = U|x:h;7 p|x:h;i = p|x:h;7 (15)

ug o[ (o 00
Hm dy  Ox x:hf_u dy x

For the inside surface of the contact type porous absorber,
the boundary condition of Eq. (15) is omitted.

x=h_
p1

For the thermal storage wall inside surface

kwAwan % = hyidwan(Troom — Twa); =0, v=0
(16)

For the heated room

(pcV) aTé% = hyidwan(Twait — Troom) + Oy (17)

3. Numerical procedure

For the present study, the governing Egs. (1)-(12)
together with the boundary conditions mentioned above
were solved with the SIMPLER method. The computer
code based on the mathematical formulation discussed ear-
lier and the SIMPLER method is validated for various
cases publish in the literature [14]. The control-volume for-
mulation utilized in this method ensures continuity of the
convective and diffusive fluxes as well as overall momen-
tum and energy conservation. The harmonic mean formu-
lation was used to handle abrupt variations in the thermal
physical properties, such as the permeability and thermal
conductivity, across the interface, for example, at the por-
ous/fluid layer interface. This ensured the continuity of
convective and diffusive flues across the interface without
requiring the use of an excessively fine grid structure.

Non-uniform mesh sizes were used for the numerical
computation. The grid in horizontal direction was uni-
formly distributed. In vertical direction, finer mesh sizes
were taken within the porous absorber. To test the grid inde-
pendence, two different grid sizes had been employed in the
present study. The numbers of grid considered were 108 x 88
and 128 x 108 which correspond to a uniform. Therefore, to
achieve favorable CPU computation time in the simulation,
a grid of 108 x 88 had been chosen for this study.

As far as the unsteady-state numerical calculations, the
time step was concerned and several values of At had been
examined for the grid chosen. For example, It had been
found that the maximum deviation between the results
using At =30s and A T =45s was only 2.5%. Hence, the
time step of At=45s together with the grid size of
108 x 88 were used for the unsteady-state numerical calcu-
lations performed in this study.

The porous layer made of Quartzite and the thermal
storage wall made of Concrete were chosen in the simula-
tion. To analyze the effect of porous materials on the heat-
ing performance of the composite wall, Quartzite and
Marble were chosen as sample. Their physical properties
are:

Quartzite [15]: p =2635kg/m®, ¢=0.732kJ/(kg K),
ky = 5.17 W/(m K).

Concrete [15]: p=2243kg/m’, ¢=0.837kJ/(kgK),
ky=1.5 W/(m K).

Marble [15] p=2650kg/m’, ¢=0.840kJ/(kg K),
k.= 2.7 W/(m K).
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The volume of the selected heated room is 18 m>, in
which the air is heated by the composite wall. The compos-
ite solar wall dimensions are 0.24 m wide, 2.5 m high. The
width of the porous layer is 0.05 m.

4. Experiment procedure

The experimental setup for the two types of composite
solar wall with porous absorber could be established as
Fig. 1. The porous absorber with marble diameter d,, =
1-2cm and absorber porosity 0 =0.2-0.3, d, =1-2 cm
and 0 = 0.5-0.6 as well as quartzite diameter dq; = 1-2 cm
and absorber porosity 6§ = 0.5-0.6 are selected respectively
in the two types of composite solar wall. The thermal insu-
lation is laid between the different types of the porous
absorber. The temperature is measured with thermocou-
ples, monitored by a digital voltage reader. Thermocouples
are mounted on the outside surface and the inside surface
of the porous absorber, the inside surface of the thermal
storage wall, and in the middle of the heating room, respec-
tively. The ambient temperature is measured with a digital
thermometer. The airflow speed is measured with an ane-
mometer. Solar radiation is measured with an actinogra-
phy. All measurements are repeated more than three
times for each experimental data used. The above experi-
mental procedure for the solar composite wall with porous
absorber is given and can be carried out to validate the
numerical results.

5. Results and discussion

To analyze the effects of the porous absorber on the tem-
perature distribution and gas flow in the composite solar
wall, and to discuss the influences of the position of porous
absorber in composite wall, the particle size and the poros-
ity within the porous absorber and the material of porous
absorber on the heated room temperature, we made the
numerical calculation for the present model. The tempera-
ture unit in the Isotherm figures is °C. The results are ana-
lyzed as follows:

Observing Fig. 2, we can find that during the heating
time, the surface of the porous absorber has higher temper-
ature comparatively and the solar energy absorbed by the
porous layer in the heating system was used to increase
the air temperature in the heated room and thermal storage
wall. In contrast, when the sun is no shining, the tempera-
ture of the thermal storage wall is higher and heat stored in
the massive wall releases to raise the air temperature in the
heated room. The air temperature change in the heated
room is the same as the inside surface of thermal storage
wall.

As shown in Figs. 3 and 4, in the separation type porous
absorber composite wall, the air temperature near the bot-
tom is lower, in contrast, the air temperature near the up of
the heating wall is higher, and the temperature gets to rise
from the bottom to the top. The heat exchanges between

70 —— porous absorber surface
— - inside surface of thermal storage wall
sor 0 |- air in heated room

50t

40t

T(C)

301

201

0 20 40 60 80 100 120

Time(hours)

Fig. 2. Comparison of predicted values of temperature among outside
surface of porous absorber, air in heated room and inside surface of
thermal storage wall in contact type passive solar composite wall with
porous absorber (d, =1 cm, 0 =0.55).

the porous absorber and the thermal storage wall in con-
vective heat transfer and thermal radiation, so the temper-
ature of wall rises and the air in the room is heated. In
contact type porous absorber composite wall, the solar
irradiation absorbed by porous layer is used to heat the
south wall in thermal conduction and convective heat
transfer. The comparison of the flow and temperature field
inside the composite solar wall made among at 12:00, at
16:00, at 19:00 and at 24:00 can show that the peak temper-
ature within the composite wall moves in versus time. Dur-
ing the solar radiation such as at 12:00 and at 16:00 in the
afternoon, the convective heat exchange within the porous
absorber is intensified comparatively. In contrast, when the
sun is not shining such as at 19:00 and 24:00, the convec-
tion is thus strongly reduced and the outside surface tem-
perature of the porous layer is much more below that of
the inside surface temperature of the porous layer, so the
convective heat exchange and the radiation exchange
between the composite solar wall and the ambient
decreases and the heat loses of the heating system is
strongly reduced; as the excess heat is stored within the
porous absorber during solar radiation and there is strati-
fication in the porous layer, the inside surface temperature
of the porous absorber is higher comparatively. Therefore,
when the sun is not shining, the porous layer servers as
semi-thermal insulator.

In comparison with the separation type composite wall,
it can be seen that in the contact type composite wall, the
inside surface temperature of the thermal storage wall is
higher, and the temperature difference between the outside
surface of the porous absorber and the inside surface of the
thermal storage wall is lower when the sun is shining such
as at 12:00 and at 16:00, so more heat is available for heat-
ing; when no solar irradiation is available such as at 19:00
and 24:00, the temperature difference is higher and the heat
loss from the heated room to the ambient decreases.
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Fig. 3. Development of fluid and temperature (°C) field with time for the separated type passive solar composite wall with porous absorber (d, =1 cm,
0 =0.55): (a) streamlines at 12:00 noon; (b) streamlines at 16:00 in the afternoon; (c) streamlines at 19:00 in the evening; (d) streamlines at 24:00;
(e) isotherms at 12:00 noon; (f) isotherms at 16:00 in the afternoon; (g) isotherms at 19:00 in the evening and (h) isotherms at 24:00.

From Figs. 5 and 6, it can be seen that, in contrast to the
contact type composite wall with porous absorber, there
exists wide range of temperature in the separation type.
The insufficiency heating may happen in the composite wall
without porous absorber. In the separation type composite
wall with a porous absorber, at particle diameter of 1 cm,
the porosity of porous absorber changes from 0.2 to 0.55,
and at the porosity of 0.55, the particle diameter changes
from 0.22 cm to 1 cm, the air temperature of the heated
room rises. In the contact type composite wall, at particle
diameter of 1cm, with the porosity of porous absorber
changing from 0.2 to 0.35 and 0.55, the temperature of por-
ous absorber at depth of 4.9 cm increases. However, there
is higher temperature within the porous absorber of 0.35
porosity in contrast to the porous absorber of 0.55 porosity
as shown in Fig. 7. The heat transfer within porous absor-
ber is mainly in thermal conduction and convection. With
the increase of the particle diameter and porosity, the con-
vective heat exchange in porous medial is intensified, but
heat exchange in thermal conduction decreases. The parti-
cle size, porosity within porous absorber should be chosen

reasonably, so the more heat absorbed by porous medial is
transferred into the heated room.

Fig. 8 shows that the air temperature in the heated room
of different porous absorber materials changes versus time
for Quartzite and Marble, which have the typical charac-
teristics for porous absorber. It is clear that the air temper-
ature in heated room varies more greatly versus time and is
higher relatively in the periods of the solar radiation when
Quartzite with higher thermal conductivity is used for por-
ous absorber. However, when the sun is not shining, the air
temperature in heated room with Marble porous absorber
which has lower thermal conductivity is higher. Therefore,
there is an important influence of thermal conductivity of
porous absorber on the heating.

Besides, the top air temperature inside the room is a lit-
tle above 20 °C in the simulation, thus the particle size and
the porosity within the porous absorber and the material of
porous absorber should be chosen properly to provide
comfort air temperature in the heated room. In contrast
to the air temperature in the room with the porous compos-
ite wall presented in the literature [5], the air temperature
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Fig. 5. Hourly values of air temperature change versus time in heated
room with contact porous absorber (d, =1 cm, § = 0.55), in heated room
with separation type porous absorber (d, = 1 cm, 0 = 0.55) and in heated
room with absorber of no porous layer.
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Fig. 6. Temperature of porous absorber change versus time for different
diameters and porosities of porous medium in separation type porous

absorber.

d: particle diameter

ICE porosity

"[— d=1cm,©=0.55.=4.8cm
----- d=1cm,@=0.22,L=4 9cm
— - d=0.22cm,©=0.55,.=4 9cm

rL: depth of porous absorber

40 60 80
Time(hours)

100




1258 W. Chen, W. Liu | Applied Thermal Engineering 28 (2008) 1251-1258

— — d=1cm,0=0.15,L=4.9cm
------ d=1ecm,©=0.55,L=4.9cm

10 —— d=1cm,©=0.35,L=4.9cm ||
5 d: particle diameter; © :porosity; |
I.: depth of porous absorber
00 2IU 4‘0 BIU Sb 100

Time(hours)

Fig. 7. Temperature of porous absorber change versus time for different
porosities of porous layer in contact type porous absorber.
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Fig. 8. Hourly values of air temperature in heated room change versus
time for various material of porous absorber (d, =1 cm, 0 = 0.55).

rises more slowly and the top temperature postpones
appearing in the heated room with the separation type or
the contact type of the porous composite wall shown in
Fig. 1.

6. Conclusions

A numerical model has been developed to study the
effects of the porous absorber on the temperature distribute
and airflow in the two types of the composite solar wall.
From above discussion, we have found that the possibility
of insufficient in the heating system decreases greatly and
the thermal resistance of composite wall increases at night
or on a cloudy day, if a convective porous layer is used as a
solar absorber inside composite wall. The excess heat is
stored and a temperature gradient exists within porous
absorber. The layer can work as a semi-thermal insulator

when solar radiation is not available. The influence of per-
meability within the porous absorber, the material of por-
ous absorber and the position of the porous absorber in the
composite wall on the heated room temperature is signifi-
cant. In contrast to the separation type composite wall with
porous absorber, there exits higher average temperature in
the contact composite wall. Therefore, the particle sizes
and porosity within the porous absorber, the material of
porous absorber and the position of the porous absorber
in the composite wall should be chosen properly to avoid
the occurrence of the overheating and the no reaching the
heating requirements when the solar shining is available.
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