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Using solar energy to cover heating loads of building is a clean and unconventional way that can help reduce
electricity consumption. Problems of the cost of energy and environmental pollution are among the most important
challenges facing humanity at the present time. And as most of the energy is used for heating and ventilation, thus
the need to find renewable sources of energy has become a pressing need. In this direction Trombe wall, which is a
classical passive solar wall, has become one of the most important heating and ventilation technologies of buildings.
In the present work a three-dimensional numerical study of thermal energy performance for Trombe wall utilizing
paraffin wax as PCM was presented. The effect of PCM thickness was studied as (2, 3, 4 and 5 cm). A FORTRAN-
90 computer program was built to solve a three-dimensional, turbulent Navier stokes and energy equations in addition
to enthalpy transforming method for PCM with explicit scheme based on finite volume method. Numerical results of
the present code were validated by comparing them with previous experimental results and a good agreement was
noted. The results show that a 2 cm thick PCM is an optimal thickness, where the percentage rates of increasing in
air temperature over ambient temperature at day hours (10 am, 12 pm, 5 pm, 10 pm and 7 am of the next day) were
(37.8, 19.5, 30.7, 60 and 69.2%) respectively, compared to (33.5, 15.2, 25.9, 53.3 and 65.3) % respectively for a 5
cm wax calculated at the same hours.
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1 INTRODUCTION

The construction of modern buildings is linked to two main factors, namely sustainable development and the provision
of the necessary energy [1, 2]. The use of solar energy to cover building heating loads is unconventional clean way
that can help reduce electricity consumption. Therefore, buildings must be designed to suit the climate of that [3, 4].
Trombe wall is considered as one of the passive solar heating methods, which can help provide heating for the space
all day, especially at night. Comparing heating methods of rooms by direct gain and the use of Trombe wall
technology, uniformity in temperature in spaces utilizing Trombe wall was noticed [5]. So Trombe wall has been
studied in a lot of researches, which noted that thermal performance was a function of different parameters such as
area and thickness of the wall, orientation, glass thickness, and area of the sun space. In the following paragraphs,
some of these studies will be reviewed.

Limited thermal storage capacity, reduces the efficiency of Trombe wall to work at night, and in order to avoid this,
Liu et al. [6] studied the use of PCM to improve thermal performance of Trombe wall during night hours. MATLAB
was used to simulate an unsteady heat transfer utilizing PCM in Trombe wall. The effect of the external design of the
insulation on the thermal performance was studied. From the experimental results, thermal comfort factors within the
space were neutralized by using passive solar energy. Elghamry and Hassan [7] presented an experimental study
for heating in building by using Trambe wall combined with renewable energy system. Solar chimney with PV inside
it and geothermal energy was utilized in order to heat outside air before entering the room. From this study it was
noted that the maximum power obtained from PV inside the chimney was 75.1% of the PV power outside. Wu et al.
[8] studied heating and ventilating performance of PV- Trombe wall with air purgation. The effect of channel
dimensions on the thermal and electrical performance and the performance of the PC-PV-Trombe was studied. The
study was conducted for a number of ambient temperatures and solar radiation intensity. The results showed that
clean air flow rate, thermal and electrical efficiencies and heat output for the PC-PV-Trombe wall have various trends
of reduction or growing with the change of channel dimension. Salih et al. [9] presented a numerical study of a novel
solar air heater consisting of two numerical models to simulate thermal behavior for a collector with and without PCM.
A finite volume method was employed in mathematical analysis of the governing equation and enthalpy transforming
method for PCM utilizing explicit scheme. The effects of air flow and heat flux were studied. Hu et al. [10] studied
the effectiveness of water blind Trombe wall system in heating and ventilation theoretically and experimentally. The
results showed that in winter, Water-Trombe wall system showed adequate insulation with the average heat transfer
coefficient of 0.8 W/m2 K, while Trombe wall lowered the temperature about 13.6% compared with cooling water
system with annual energy collection of 20.3 kWh. A new shape for the channel inlet and outlet that features the
quadratic Bezier curve was suggested by Wu et al. [11] to enhance solar dual catalytic Trombe wall performance.
The study adopted a two-dimensional numerical model. The effect of duct dimensions of height and depth on the
thermal performance in addition to air purification performance of solar dual catalytic Trombe wall was studied for
several values of solar irradiation intensities. From results, solar dual catalytic Trombe wall with traditional shapes of
inlet and outlet showed a decrease in thermal efficiency with increasing channel width while there was no noticeable
effect with the channel height. Omara and Abuelnuor [12] presented an extensive review on the various advantages
of using PCMs Trombe walls. The article showed that heat storage capacity was adequate because PCM can
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effectively increase the thermal circulation of indoor air and reduce fluctuations in indoor air temperature. Moreover,
the effectiveness of PCM in providing overheating protection, improving energy efficiency management and energy-
saving process of Trombe walls was noticed. Energy Efficiency and Thermal Performance of Trombe Wall of
lightweight steel frame was evaluated by Lohmann and Santos [13]. The measurements were made inside two
identical real cubic units, exposed for normal outdoor weather conditions. The results were simulated numerically. A
steady state thermal performance of a composite Trombe wall was investigated by Zhou et al.[14]. Three types of
Trombe walls were examined: traditional, water, and glass-water. The Water type showed the best efficiency during
daytime and also during night-time. Hu et al.[15] proposed an experimental and numerical study of a novel water
blind-Trombe wall system. In addition to the uses of this new type of Trombe wall for heating and ventilation, it is also
used to heat water. By comparison with traditional, the ability of the new design was observed to provide adequate
insulation during the winter season, in addition to making use of unwanted solar radiation during the summer to heat
water for domestic use. Thermal performance of a Trombe wall with an integrated Venetian blind during the winter
was predicted by Hong et al. [16]. From results, venetian blind integrated TW was more efficient to overcome
overheating through ventilation and shading, in additional to the more efficient ventilation. The effect of using porous
media and fan on the thermal performance of hybrid photovoltaic and Trombe wall were investigated theoretically
and experimentally by Ahmed et al. [17]. They concluded that the using of porous material and fan has a significant
effect on the system performance while it has an unfavorable effect on the glass cover. Moreover, using the porous
medium with fan developed the thermal and electrical efficiencies about 13% and 4%, respectively. A classic Trombe
wall was studied by Ana Briga et al. [18] under realistic climatic conditions in a Portuguese city. Shading devices and
ventilation openings and their effect on temperature fluctuations were studied. In case of closing the ventilation
system and inactivated shading device, the indoor temperatures exceeded the outside temperature value in 9°C.
This indicates the system's ability to store and release heat.

In the present study, a numerical analysis for a Trombe wall utilizing Paraffin wax as PCM will be investigated. A
three dimensional Navier Stokes equations and enthalpy transforming method for PCM with explicit scheme based
on finite volume method will be considered. Thickness of PCM wall will be studied to predict an optimal thickness,
which ensure suitable rise in air temperature with a stability of temperature all day, especially at night.

2 PHYSICAL MODEL

The studied physical model consists of the following items: a glass plate 4 mm thick; an air gap thickness of 4 cm; a
wall consists of: an absorber plate 5 mm thick; thickness of paraffin wax was changed (2, 3, 4 and 5 cm), wall
dimension: 1 m width and 2.5 m height. Fig. 1 shows the physical model scheme. As for the wax used, Table 1
illustrates the thermo-physical properties for Iraqi paraffin wax which considered in the present study [19].

Solar radiation

A

Aijr out

a_: PCM thickness

b: air gap thickness

2.5 m

PCM  pbsorber Glass
plate

Fig. 1. Physical model scheme

Table 1. Thermo-physical properties for Iraqi paraffin wax

Material Property Range
Melting temperature [°C] 40
Latent heat of fusion [kJ/kg] 190
Solid-liquid density [kg/m?3] 930/830
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Material Property Range
Thermal conductivity [W/m °C] 0.21
Solid, specific heat (cws ) [kJ/kg °C] 2.384
Liquid, specific heat (cwl ) [kJ/kg °C] 2.49

1 MATHEMATICAL FORMULATION

In the present study, there are two domains for solution. One of them is the air passage between glass and wall,
while the other one is the wall with paraffin wax. The governing equation will be summarized as follow:

1.1  Airway between glass and wall

A three-dimensional Navier stokes equation with energy equation in addition to the k-¢ turbulence model will be
solved by finite volume method. The governing equations are as follow [20]:

1-Continuity Equation:

ou v , ow
w13, 5, =0 1

2-Momentum Equation:

x-direction

2 () + 2 () + 2 aw) = 22 g g, (L84 20y )

ax ) o W) + 2 (uw) = =~ v (52t 50 T o )
y-direction

5] 5] 5] 19P o%v  9%v 9%

E(UU) +a(1717) +£(UW) = —;a'i' Ve (@ +6_yz +§) + ﬂg(T - TW) (3)
z-direction

5] 5] 5] 19P ’w | 9’w  9*w

a (UW) + a (UW) + a (WW) = - ;5 + Ve (ﬁ + 9y2 922 ) (4)
3-Energy Equation

] ] ] k (9%T = 9%T  d°T
4- k-¢ turbulence model
k-g turbulence model, can be written in a general form as [20].

0 0 oy _ 2 (p 22\ L 9 (p 29\, 9 ( %

ox (pug) + ay (pve) + Z(pwqo) ~ ox (F‘P 6x) + ay (F‘P 6y) to (F‘P 62) + Sy (6)
Where :: referstok ore

2
[, = % ;o e = % 1Sy =G —¢;S, = ClgiG - CZE% and the empirical constants for standard k-¢ turbulence
k £

model are: C, = 0.09, C; = 1.44, Cy¢ = 1.92, 0y = 1.00, o = 1.30.
1.2  Wall with Paraffin Wax

Heat conduction with phase change will be presented by Stefan problems. This method is based on enthalpy
transforming method. By this method, energy equation is converted into nonlinear equation, where the enthalpy is
the single dependent variable. This method is characterized by its ability to solve the problem when formulated in a
fixed area. In addition to this, enthalpy is treated as a dependent variable in addition to temperature. The energy
equation is separated into a system of equations including both temperature and enthalpy.

Some assumptions will be made in this method, as follow:
— Three dimensional transient heat transfer
— Viscous dissipation will be neglected
— Radiation and convection terms will be neglected

— Specific heats assumed to be constant for each phase, where the phase change takes place at a single
temperature

Thus, the energy equation will be [21].
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d aT a aT a (, 0T\ , — oH
(k5 + 5 (5) + 5 (k5) +T =05 )
The state equation
dH
= Cp(D) (8)

For each phase, specific heat is constant and the change of phase take place at a single temperature [22, 23].

T + H/C H<O0 (Soild phase)
S
T ={Tn 0<H<L (Phase change) (9)
LTm + - L)/Cl H =L (Liquid phase)

Where at H=0 this referred to solid phase of PCM,

For the above relation, H = 0 was selected according to the phase change material (PCM) in their solid state to
temperature Tm.

Also, the "Kirchhoff" temperature is presented as [24].

. k(T =Ty), T <Tp,
T = [, kmdy =10, T=T, (10)
k(T —Ty), T>Tp,

Utilizing equation (9) with the definition illustrated in equation (10).

( kSH/ H< 0
Sy
T*={ 0, 0<H<L (11)
k(H—L)
kl /Cl. H>L

Thus, enthalpy function can be introducing as:
T* = A(H)H + S(H) (12)

And changing in phase at a particular temperature,

ks | H<0
Cps
A(H) = 0, 0<H<L (13)
L SNy H>L
Cpl
With
0, H<O0
0, 0<H<L
S(H) = g oL (14)
Cpl’ -

Substituting equation (12) in equation (7) yield:

OH _ 9 (9(AH)\ , 9 (0QAH)\ , 9 (d(AH)
pﬁ_ax( 6x)+ay( 6y)+az( 6Z)+p+q (15)
With:
d (98s d (98s d (ds
r=5G)*+5G) % G) (16)
For liquid region, equation (15) can be reduced to the following formula:
dH 9 aT a aT a aT
p5t = o (a5) + 55 (lngy) + 3 () + a an

While for solid region, equation (15) becomes:
OH 0 aT d aT d aT
p5t = s (ke gy) + 35 (ks5y) + 35 (65) + 0 (18)
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Within the PCM without convection, equation (15) is reduced to:

oH 92

Por = ox2 )+—+—(AH)+—+—(H)+ +q (19)

And for 1 = A(H) and S=S (H), the above equations can be evaluated by finite volume method with utilizing explicit
scheme, thus equation (19) can be written in the discretization form as [25].
a,H, = agHg + aywHy + arHy + agHg + agHg + ayHy + b (20)
Where:
At ApA, At Ay Ay _ At A4, At 254, At A4, At AyA,

e = pAV Sx,  Gw " pAV 6x,, ar = pAV 8yp 14 = pAV Syg Gs = pAV 6zg ' o= pAV bz

a, =ag taytart+ag +as+ay
Ay = AyAz, A, = AxAz, A, = AxAy, AV = AxAyAz
and

dt
b = _[aE + aW + aT + aB + aS + aN - 1]1‘1;7 + bESE + bWSW + bTST + bBSB + bsss + bNSN - bpSP + FqAV

Where:
_ At d At A, A4 At4 A4 A4
E — yTYw— yvr — »Vp — yUg — yUn —
pAV 6x, pAV 6x,, pAV 8y, pAV Sy, pAV 6y, pAV 6y,
And

Where, Hp representing the old value of H at grid point P

Return to Equation (20), the term b will be considered as zero in case of solid phase (without phase change).
The domain mesh wall is 58x21x20 in X, y, z directions, with time step of 0.5 second. SIMPLE algorithm is used to

solve Navier Stokes and energy equations, with hybrid difference scheme.

3 INITIAL AND BOUNDARY CONDITIONS

2.1 Initial Conditions

Initially, the entire domain set to be at ambient temperature, which is equal to (25°C).
2.2 Boundary Conditions

All the velocity components at the wall surface are set to be zero (no slip condition).
Inlet boundary conditions for velocity and temperature: u=uin, T=Tin.

. . C k32

Inlet boundary conditions for turbulence model isk;, = Cxu, , &, = o:ﬁ

2Uhbe

And C; = 0.003and C, = 0.03 [26].

Outlet boundary conditions Z_ﬁ = 0, @:: represents the independent variables, n: normal vector on the outlet section,
i.e. Xx.

3 VALIDITY FOR THE PRESENT CODE

In order to validate the present code, the numerical results were compared with experimental results of Moradi et al.
[27] in the same operation condition. Fig.2. represents this comparison. From figure it is noted that there is a good
agreement.
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Fig. 2. Comparison between present numerical results with previous experimental results of Moradi et al [27]

4 RESULTS AND DISCUSSION

In order to determine the optimal design of a Trombe wall that utilizes wax as a PCM, several designs have been
numerically tested. Where the effect of the thickness of PCM layer was studied and results were found for (2,3,4 and
5) cm over a period of 35 hours to cover all day hours especially at night as well as the middle of the next day. The
study was conducted according to weather data for 15th December for Baghdad — Iraq (location: 33.3152° N,
44.3661° E). Results will be discussed in the following paragraphs.

Fig. 3 shows the relationship between the average wax temperatures over 25 hours. It is worth noting that the
horizontal axis (time axis) in the following figures expresses the test hours starting from 8 am, which represents (1)
for the time axis and thus 25 represents 8 am for the next day. From the figure, one can notice that the temperature
of the wax begins to rise as a result of increase in solar radiation to reach its highest value of 37 °C at 12 pm for a 5
cm thick wax while a 2 cm thickness recorded the shortest time to reach the highest temperature, approximately 40
°C after one hour of the beginning of the time (9 am).

Wax Thickness (cm)
44

42

4, [ S A X

40

38

36

34

Average Wax Temperature {C)

32

TR [ ST ST T SR SR SR S N S S S SR S S SN |
0 5 10 15 20 25

Time (hours)

Fig. 3. Average wax temperature within 25 hours for different wax thickness with time interval from 8 am to 8 am
next day

Fig. 4 shows the average temperature of the wax during 35 hours. From this figure, there is a stability of the
temperature of the wax of a thickness of 2 cm at the highest degree of 40 °C, as it continued at the same temperature
during the 35 hours, because wax had absorbed a large amount of sun light heat during the daytime and then
released this heat at the nighttime. The absorbed heat converts all the wax from a solid to liquid state during the
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phase change process when the temperature reaches the wax melting point, this process will be completed faster
for a wax of a minimum thickness of 2 cm compared with other thicknesses. The peak temperature of the wax was
40 °C and remains constant throughout the night, until all the wax has been changed from a liquid to a solid state,
while there is a slight decrease in temperature for the other wax thicknesses (3, 4 and 5) cm especially in the early
morning hours (4 am), as a result of a large amount of wax for these thicknesses and lower temperature compared
with 2 cm thick wax.

40
3 7’(_/7
g
= B
=
o
o
E
o
l—
o
E’ 35 Wax Thickness (cm)
g
< 2
s 1 :
4
= 5
30 J - I L1 I L1 I Ll 1 I L1 1 I L1 1 I L1 1 I L1 1 I
5 10 15 20 25 30 35 40

Time in hours

Fig. 4. Average wax temperature within 35 hours for different wax thickness with time interval from 8 am to 11 pm
next day

Fig. 5 shows the variation in the average air temperature at exit with the change of time within 35 hours for the four
different designs for wax thickness, where it was noted that the highest temperature was recorded at 2 pm and the
lowest value was at 8 am for the next day. From the figure, one can notice that the highest and lowest temperature
values for 2 cm wax thickness were (29.5 and 22) °C respectively, while for 5 cm wax thickness (28.5 and 21.2) °C
respectively, and there is a slight rise in temperatures for the second day of their values for the first day, due to the
heat stored in the wax.

30 —

Thickness of wax wall {cm)

28 - 2

3
4
5

26

24

E xit Temperature {C)

22

e b b b b by |
20 5 10 15 20 25 30 35

Time (hour)
Fig. 5. Exit temperature within 35 hours for different wax thickness with time interval from 8 am to 11 pm next day

Figs. (6-10) represent the temperature contour through the wax material of the four walls (2, 3, 4 and 5) cm thickness
at the times of the day (10 am, 12 pm, 5 pm, 10 pm and 7 am for the next day) respectively. From these figures, one
can noticed that the highest wax temperature reached was 40 °C for all cases, and it was noticed that there was
homogeneity in the temperatures of the wax with thickness (2 and 3) cm, while the temperature varied between the
highest and lowest value in the others.
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Figs. (11-14) represent the temperature contour for air moving through the air gap between glass and absorber plates
for the four walls (2, 3, 4 and 5) cm thickness at the times of the day (10 am, 12 pm, 5 pm, and 7 am for the next
day) respectively. From these figures it can be seen that the highest air temperature was in the layer in contact with
the absorber plate. As in the previous figures, the thickness (2 and 3) cm was the highest in the temperature values
at the exit.
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Fig. 11. Temperature contour for air at 10 am
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Fig. 12. Temperature contour for air at 12 pm
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Fig. 15 shows meteorological data for 15t and 16" December in Baghdad, which represents the variation of solar
radiation and ambient temperature within 35 hours. By Comparing Figs. 5 and 15, it can be seen that the percentage
of the rate of air temperature increases at exit from their values of ambient for wax thickness 2 cm at times (10 am,
12 pm, 5 pm, 10 pm and 7 am for the next day) were (37.8, 19.5, 30.7, 60 and 69.2) % respectively, while they were
for wax thickness of 5 cm at the same times (33.5, 15.2, 25.9, 53.3 and 65.3) % respectively.
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Fig. 15. Meteorological data for 15 and 16 December in Baghdad (Iragi Meteorological Organization and
Seismology) [28]

From all of the above, it is clear that wax thickness of 2 cm is optimal, being the least massive of PCM and the most
thermally performance.

5 CONCLUSIONS

Thermal performance of Trombe wall utilizing PCM has been studied numerically. A FORTRAN-90 computer program
was built to solve the three-dimensional turbulent Navier stokes and energy equations in additional to enthalpy
transforming method for PCM with explicit scheme based on finite volume method. The validity of the present program
was checked by comparing the numerical results with the results of a previous experimental study. From the results
obtained for different wax thicknesses (2, 3, 4 and 5) cm, it was found that wax thickness of 2 cm is an optimal design.
It achieved the highest percentages in the rate of air temperature increase at exit compared with their values of
ambient temperature throughout the day, especially at night as (37.8, 19.5, 30.7, 60 and 69.2)% at (10 am, 12 pm,
5 pm, 10 pm and 7 am of the next day) respectively.
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