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Lattice Boltzmann Simulation for Complex Flow in a Solar Wall*
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Abstract In this letter, we present a lattice Boltzmann simulation for complex flow in a solar wall system which
includes porous media flow and heat transfer, specifically for solar energy utilization through an unglazed transpired solar
air collector (UTC). Besides the lattice Boltzmann equation (LBE) for time evolution of particle distribution function for
fluid field, we introduce an analogy, LBE for time evolution of distribution function for temperature. Both temperature
fields of fluid (air) and solid (porous media) are modeled. We study the effects of fan velocity, solar radiation intensity,
porosity, etc. on the thermal performance of the UTC. In general, our simulation results are in good agreement with
what in literature. With the current system setting, both fan velocity and solar radiation intensity have significant effect
on the thermal performance of the UTC. However, it is shown that the porosity has negligible effect on the heat collector
indicating the current system setting might not be realistic. Further examinations of thermal performance in different

UTC systems are ongoing. The results are expected to present in near future.

PACS numbers: 47.56.+r, 44.30.4+v, 47.11.Qr
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Kinetic-based lattice Boltzmann method (LBM) has
been developed rapidly in the last two decades and be-
comes a powerful numerical simulation tool for computing
various complex flows.'=2l The method is second-order
accurate in time and space and recovers Navier—Stokes
equations in the incompressible limit.[] The main physi-
cal and computational advantages of LBM include simplic-
ity of programming, ease of handling complex geometry,
suitability of massive parallel computing, etc. thus it is
well suited for simulating complex flows including multi-
process multi-physics, for instances, magnetofluids,
chemical reaction flow,!”) multiphase and multicomponent
flow,[6=9 porous flow,['°~ ] and non-Newtonian fluids.!*!

Due to the high ventilation rates in commercial and
industrial buildings, heating should be very expensive.
As a result, installing a “solar wall” to heat air before
it enters a building, has become one of the most efficient
ways of reducing energy costs using clean and renewable
energy.l'® Solar wall systems provide solar-heated fresh
air to the buildings and have a higher efficiency than tra-
ditional glass solar collectors.'¥) There have been efforts
to study the thermal performance of a solar wall experi-
mentally and numerically for the purpose to develop this
elegant technology. Based on the overall performance of
the solar collector, Kutscher et al.l'® presented a compu-
tational fluid dynamic (CFD) model to show that both the

heating and airflow should be uniform in order to achieve
a high heat transfer rate. Later, the same group developed
a pipe network method'%! to analyze the airflow distribu-
tion incorporating their previous research results for the
heat exchange effectiveness, pressure drop, and wind heat
loss, but the accuracy of the model was low for a short pipe
system. Thus it was used instead of the cavity in a nega-
tive pressure zone of a real system. Heat transfer through
the pores of a heat collector has been simulated using a
computational fluid dynamics (CFD) modell’™ discussing
five parameters that affected the heat exchange effective-
ness under no-wind conditions. Hollick!"®=20 systemati-
cally studied the performance for wind directions parallel
to the solar collector. Wang and Liul?" found experimen-
tally that the porosity of the solar wall combination has a
large influence on the heat effect.

In this paper, we develop LBM to simulate complex
flow in a solar wall system which includes porous media
flow and heat transfer. Focus is on factors that affect
thermal performance in the system. The solar wall sys-
tem we simulate is an unglazed transpired solar air collec-
tor (UTC) shown in Fig. 1. It is a passive solar heating
system in which the absorption surface with a selective
coating faces south and converts solar energy into heat.
The coating is a material with a high heat absorptivity. It
has been known that UTCs typically have a high heat ef-
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ficiency, provide a well-designed fresh air system,??! yield
good economic returns, and have a wide range of applica-
tions and energy saving benefits.[?*! The UTC consists of
the absorption surface and a porous solar wall. A canopy
covers the external wall of the building, a gap between the
porous solar wall and building wall, and an exhaust fan
to extract the air in the gap and feed it into the ducting
system. The function of a UTC is twofold. In winter,
cool fresh air absorbs heat from the heated coating faces
and porous media during daytime and enters the ventila-
tion system to heat the building. At night, the heat lost
through the wall is absorbed by the flowing air in the cav-
ity and re-enters the room when the fan is on. In this
way, both fresh air and also heated air are supplied by
using the wall as a heat exchanger. In summer, the fans
are switched off so that hot air passes straight through
the lower and upper gaps of the solar wall without enter-
ing the room.?4=26] In this work, we focus on the heating
function in winter to study the thermal performance.
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Fig. 1 Schematic of the unglazed transpired solar air
collector.

Assuming that the Boussinesq limit holds, the govern-
ing equations of the fluid dynamics and heat transfer in
the solar wall system can be described as follows:

V-u=0, (1)
W= Ly v v+ F, (2
ot é Py e )

0% +u-VT; =V(apVTy) + Sy, (3)
0’% =V(aseVTs) +Ss. (4)

The notations appeared in Eq. (2) to Eq. (4) are explained
as follows.

e Symbol ¢ is the porosity of the porous medium, v,
is the effective viscosity, s and o are the thermal
diffusivities of the solid and gas phases respectively,
and h, is the volumetric heat transfer coefficient

between the fluid and the porous media skeleton.
Both o and ay are fixed for the calculations shown
here. The ratio of the heat capacities of the pure
substance Cps and porous medium Cp is given by
0=¢+ (1 —¢)psCps/psCpys, and here, o is taken
as unity.

e Terms S; and S5 in Egs. (3) and (4) are sources for
fluid and solid phases respectively and defined as

Sy = ho(Ts = Tj), (5)
Ss — _h'u(Ts - Tf)7 (6)
where u, P, Ty, and T are the volume-averaged ve-

locity, pressure, temperature of the gas phase and
that of the solid phase, respectively.
e The total force F' can be described as
v Fy
F="—u— "—lulu+ ¢G, 7
- ol (7
where the first term is the interaction force of the
material and porous medium, the second term is the

influence of the geometric construction, and the last
term is the body force: G = —gB(T — Tp),

P po_ L5
B0(1—¢)2" ~* " /150¢°

with G, d, K, and Fy the buoyancy force, average
particle diameter, permeability, and geometric func-
tion, respectively.

The governing equations (1) to Eq. (3) can be normal-
ized using the non-dimensional parameters of the viscosity
ratio J, the Darcy number Da, the Prandtl number Pr,
and the Rayleigh number Ra, which are defined as

v ATL?
:ﬁ7 PI': a—s, Ra:gﬁvias, (8)
with L the characteristic length and AT the maximum
temperature difference in the system.
The lattice Boltzmann equation (LBE) with a force to

reflect porous effect is
fi(x + ce;At,t + At) — fi(x,1)

J=2 Da
v

= —%[fi(:v,t) — iY@, t)] + AtF; 9)

where e; are the discrete velocity directions, and 7 is the
relaxation time. In the present work, we choose the D2Q9
model thus the discrete velocities are given by
0, 1=0,
(i—Dm (i—Dm
e =4 (07 )

\/E(cos (22_29)71-,3111 (2 — 9 , 1 =05-8,

2
and the equilibrium distribution function (EDF) f7¢ is
defined as

,sin

. 2
£29 = pu; [1 +3(e; - u) + 4.5% - 1.5%} (11)
The force term F; is formulated as[2”]
. 1\re;F  uF:(e;-e; —ci)
P — pwi(1 _ Z) [ ot = } (12)
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with weights of wg = 4/9, w; = 1/9fori =14, and w; = Ty =w;- T, (24)
1/36 for i = 5T8. Thus, the macroscopic flow velocity and e = 0P AL(T" —0.5), (25)
pressure are given by
" v =Y (13) T, = Z(Tsi + 0.5Atw;S,) . (26)
Co+\/c(2)+cl|v| ; i
where cg, ¢1, and v are given b We use non-equilibrium extrapolation/®!) for boundary
0r T ) At Y ALF conditions of the velocity and temperature fields listed
co= = (1 + (b—KE) . a=¢—2 below.
2 2 2VK Inlet: Ty = Taotars Tf = Tombs us = 0.006 25 m/s,
ei At uy = 0.0.
v=Y 2+ 4G, 14) Y
p 2 ¢ (14) Outlet: 0Ts/0x = 0.0, 0T/0x = 0.0, uy = Uous, Uy = 0.0.

i
Through Chapman—Enskog expansion, the macroscopic
equations corresponding to Eq. (9) are as follows

ap B
E—FV-(pu)—O,

0
%-FV- (%) = —Vp+ V[pv.(Vu+uV)] + pF , (16)
where p = ¢2p/¢ is the pressure, and the viscosity v is
given by

(15)

ve = At(r —0.5). (17)

In the incompressible limit (py = p1 = constant), Egs. (15)
and (16) recover the governing equations of Egs. (1) and
(2), respectively. 28]

For the heat transfer in porous solar wall, the presence
of the fresh air flow will affect the temperature distribu-
tion of the porous media. Analogy to the flow field, we
introduce temperature distribution functions for fluid (air)
and solid (porous) and construct the LBEs for the tem-
perature fields coupled through heat transfer. The LBE
of fluid phase for (Eq. (3)) reads/??—3
Tfi(:n + ce; At t + At) — Tfi(:v, t)

- _%[Tfi(w, ) = T7 %, 0] + At (1 - %)wisf, (18)
where 77 is an EDF for temperature has the following
format

e (SR
Tf?:wi-T(l—i— = )

(19)

through the Chapman-Enskog multiscaling expansion
technique, Eq. (3) can be recovered as

0Ty

Uw‘FU'VTfZV(O[fV Ty)+ Sy (20)
The thermal conductivity is then given by
afe = o2 At(t' —0.5). (21)
The temperature of the gas phase is defined as
Ty =Y (Tyi +0.5Aw;Sy). (22)

K3

For the solid phase, the LBE, EDF, thermal conduc-
tivity, and temperature of the solid phase are formulated
as

Tsi (.’1} + ceiAt, t+ At) — TSZ‘(CE, t)

1 . 1
= [T, t) = T, )] + At (1 - o JwiS, . (23)

7-I/

Porous media wall: 0T,/0z = 0.0.

Building wall: 0Tf/0x = 0.0, u; = uy, = 0.0, where
Tsolar is the solar radiation temperature obtained from
solar radiation Fopq = & - T (where Fpaq is the solar
radiation incident on the collector), Tamp is the ambient
temperature, and ueyt is the sucking velocity of the fan.
Taking the velocity field as an example, assuming that the
velocity on the boundary node x; is known, the velocity
distribution function can be calculated by

filay) = fi% () = filwy) — fi% (), (27)
where f;(xs) is the velocity distribution function of the
fluid node next to the boundary node, and f;4(x;) is ob-
tained from Eq. (11). In addition, we also assume that (i)
The solar radiation energy is completely absorbed by the
collector; (ii) There is no energy loss at the building wall;
(i) The porosity of the porous media wall is uniform.

Table 1 Input parameters for the calculation.

Parameter Value
Erad 600-900 W/m?
Tamb 20°C
hy 20000 W/(m?-K)
Ve 10~5m? /s
ay 1.9 x 107° m?/s
Cp 1005 J/(kg-K)
K 5.67 x 1078 K4.m?2 /W
Uin 0.0625 m/s
Uout 0.0625-1.25 m/s
Wall height 1 m
Outlet width 0.1 m
Porous media wall width 0.025 m
Wall width 0.1m
¢ 0.2-0.8
Da 10~°
Ra 106

The input parameters and values are listed in Table 1.
The output parameters are the collector efficiency, heat
exchange effectiveness, and air temperature rises, which
measure the thermal performance of the UTC. The col-
lector efficiency hqy is defined as the ratio of useful heat
delivered by the solar collector to the total solar energy
input on the collector surfacel3?
mair,outcp (Tair,out - Tamb)

AErad ,

hos = (28)
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where C), is the specific heat capacity of air at constant
pressure, Tyirout 18 the temperature of the outlet air, A
is the collector area, and Mairout i the air mass flow
rate at the outlet calculated as mairouy = vFp, with v
being the average velocity at the outlet, F' the effective
cross-sectional area, and p the specific volume of air at
constant pressure, 33 whereas the heat exchange effective-
ness, £ ups, °2 is calculated from the ratio of the actual air
temperature rise as it passes through the absorber plate
to the maximum possible temperature rise

P Tair,out - Tamb ,
Tcol - Tamb

where T¢,) is the average absorber plate temperature.

We first show the velocity and temperature fields in
the solar wall system in Fig. 2. In Fig. 2(a), streamlines
together with the velocity magnitude contour are shown.
It is seen that the streamlines become dense and velocity
magnitude is large adjacent to the duct where the heated
air sucked into the building, which is consistent with the
previous literature.l33! Figure 2(b) shows the temperature
distribution in the solar wall system, indicating how the
fresh air is heated in porous media part, and then the
temperature of the indoor is rising.

(29)

(a)

hce

0.2 0.4 0.6 0.8 1.0
Uout /(m/s)

The influence of the fan velocity on the thermal per-
formance of the UTC is shown in Fig. 2. The collector
efficiency hcp (Fig. 3(a)) increases whereas the heat ex-
change effectiveness egrp (Fig. 3(b)) decreases as the fan

velocity increases, which is again in agreement with pre-
32]

vious result.!

Tout—Tamb

(b)

Fig. 2 (Color online) (a) Streamline and velocity field
and (b) temperature field of the UTC.
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Fig. 3 Effect of fan velocity on (a) the collector efficiency and (b) the heat exchange effectiveness.
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Fig. 4 Effect of porosity on (a) the collector efficiency and (b) the heat exchange effectiveness.
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Fig. 5 Effect of radiation intensity and flow rate on air
temperature rise.

Figure 4 examines the effect of porosity on the thermal
performance at a solar radiation intensity of 900 W/m?
and three fan velocities. Both the heat exchange effec-
tiveness and collector efficiency decrease marginally when
the porosity increases. The collector efficiency drops 0.3
% in Fig. 4(a) and the heat exchange effectiveness drops
0.1 % in Fig. 4(b) as the porosity increases from 0.2 to 0.8,

implying that porosity’s effect is negligible in the current
system setting.

Figure 5 presents the relation between temperature in-
crease and the mass flow rate of the air at three different
levels of solar radiation with give ambient temperature of
293 K and porosity of 0.4. The airflow rate is varied from
9 to 150 kg/h. As indicated in the figure, the solar radia-
tion energy change from 900 to 500 W/m?, corresponding,
the exit air temperatures can vary from 29 to 56 in °C.

The proposed LBE model has simulated the fluid dy-
namics and heat transfer in a UTC with good agreements
with published results, demonstrating that LBM is a re-
liable computational tool for such a complex flow. The
results demonstrate that with the current system setting,
both fan velocity and solar radiation intensity have sig-
nificant effect on the thermal performance of the UTC
whereas porosity has negligible effect on the heat collector.
In actual applications, porous media should play a role to
promote the thermal performance of UTCs implying that
the current system setting needs to be modified. We are
currently conducting simulations of different system set-
ting and surrounding conditions and expect to optimize
both factors and provide useful information for the design
of next generation of UTCs. The results will be submitted
for publication in near future.
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