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Abstract 

Pressure and depletion, scarcity, and high costs of non-renewable resources in Jordan and the world in general 

called searching for the use of environmentally and friendly alternative renewable energy resources.  

The most important concern for Jordanian families with low- middle income in the winter season is the 

availability of a source of heating; this is because of its high cost. However, the relentless in the field of 

alternative energy research helped to reach the best results, especially in regions that were classified with the 

highest wavelength during the winter season. Jordan in one of these regions where most of its areas are 

characterized by availability of sunny days in most of seasons, and for a long period of the day. Karak city, in the 

southern region of Jordan, is one of Jordanian cities that is exposed to sunny days throughout most of season, 

and hence the investment in alternative energy is very effective. 

In this research, a model was designed for a house whose southern façade contains a Trombe Wall system. 

The system consist of layers that allow the exploitation of the solar irradiation that reaches the two-layer glass 

and open from the top and bottom in the inner layer to accelerate the heating of the air, which in turn gains the 

concrete wall the heat that is transmitted through the wall and stored for heating the house. Two methods were 

used to analyze the Trombe Wall system. The first is the Numerical method, where the wall gain is equivalent to 

5.55◦C at the outer layer in the first time step, which means that the wall works well. The second method is using 

the software (Ansys), where the data were entered to the program and a simulation was made, as the system 

recorded, after two days, the maximum of temperature was 83̊c and the maximum amount of energy gained was 

equivalent to 18,000W. This system saves 69% of the energy used for heating. 

Keywords: passive heating, solar energy, saving energy, Trombe wall, Karak. 

 

1. General Framework 

1.1 Introduction: 

Correlations between population growth and energy efficiency in the housing sector in the Middle 

East region indicate that planned future developments and interventions need to be prioritized. (Curado 

and de Freitas, 2019) 

The consequences of overpopulation, rapid urbanization and the growing inequality in wealth 

between residents in the developing countries like Jordan have brought the issue surrounding the 

sustainability of low-income housing to the forefront (Bhikhoo et al. 2017) 

1.2 Importance of Energy Conservation in Jordan 

Jordan is a non-oil producing country with very limited natural resources, and a challenging 

energy situation, thus, the country imports 97% of its needs of primary energy from neighbours (Dar-

Mousa and Makhamreh , 2019). 

Due to the high cost of fuel, most of the residential buildings in Jordan don’t have or use heating 

systems, and instead have flue-less gas, paraffin heaters, and instant-gas-water heaters installed, these heaters are 

always fixed inside without exhaust ducts to the outside. (Sulaiman and Beithou, 2011) 

Fuel combustion of such heaters generates poor indoor air quality and emits GHGs. GHG emissions 

produced by domestic stock in Jordan was increased by 59% by 2018 (Ahmad and Subhes, 2016). The same 

study indicated that around 50% of the households reported different health problems related to asthma which 

could partially be due to the use of these heating devices. Moreover, the study confirmed that 75% of households 

lived in apartments are constructed with external envelopes of cement hollow blocks  which cause a poor, fabric 

performance and envelope conditions  (Younis et al. 2016). 

1.3 Research Sample (Al-Karak city) 

Al-Karak city was chosen as the study sample due to its varied geography covering approximately 2.850 

square km, with an average elevation of about 770 m, the city weather in summer is mild with few hot days, but 
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in winter the temperature often drops below freezing (Gubser, 1973). Generally, the weather al-Karak city in 

winter makes the city a perfect candidate fora passive solar strategy investigation. 

 

1.4 Research Objectives    

The current research aims to maximize the effect of using Trombe wall in investing the solar energy in heating 

systems. Thus, the aim of the research can be formulated through the following objectives:  

1. To define the measures of improving thermal performance and minimizing energy use of low-middle 

income households in Jordan, dealing with climate-conscious, energy-efficient and environmental wise 

measures at the building level.  

2. To investigate and optimize the selection of the Trombe wall materials and its thickness of different 

external walls configurations ’ in the heating season in Jordan based on the climatic conditions in Al-

Karak,  

3. To determine the heat transmission values (U-value) through heat flux management capacity and the 

resulted temperature difference of the wall external and internal surfaces for a room with a Tombe wall 

for a range of thermal boundary conditions relevant to Al-Karak climatic conditions. 

 

1.5 Research Questions  

1. What materials combinations can work best for a Trombe wall in  Jordan? 

2. How much heat difference can Trombe wall offer between the internal envelope and the external in the 

weather file of al-Karak climate zone? 

3. How much energy bills can Trombe Wall reduce through the year, and which season the households are 

highly to benefit more from the installation in al-Karak? 

4. Can Trombe Wall energy savings outreach the installation cost and energy bills?  

5. Is Trombe Wall installation in al-Karak climate zone cost beneficial? 

1.6 Research Design and Methodology  

In the beginning, this project was  addressed on both; building and urban levels to justify the choice of the 

study sample type and size; (based on majority, easiness to model, floor plan, function, etc.) considering the 

current building regulations in Jordan, in terms of energy use, building materials, and architectural features, then 

will proceed to optimize the first data sources through literature review.  

Furthermore, a comparison of cases studies in Jordan based on laboratory measurement of the construction 

samples daily thermal changes during the coldest month of the year experiment will be studied and analysed in 

order to investigate the most successful solutions in the weather of Jordan.  

The two main categories of thermal conductivity measurement techniques are steady  state methods and 

transient methods  

After choosing the proper assessment method and tool that can provide a reliable evaluation for the used 

construction systems and materials, a comprehensive analysis was done to relate thermal performance with the 

social and economic impacts; hence, a more accurate selection may ground not only on thermal and 

hydrothermal concerns.  

The evaluation process is divided into three stages: 

In the first stage; the level of performance is measured for each indicator, in the second stage; the 

researcher grouped the indicators by each category; and in the third stage, the level of efficiency was quantified. 

This work specifically studied a traditional uninsulated one layer brick houses, with plaster. 

The data collected from laboratory measurements was analysed using simulation software and tested in 

weather chambers for better optimization of the needed result. 

To design the required set of changes to the study samples structure and envelope, the used methodology 

worked in a parallel time frame. 

1.7 Ansys Software 

Ansys is used to determine how a product will function with different specifications, without building 

test products or conducting crash tests. For example, Ansys software may simulate how a bridge will hold up 

after years of traffic, or how to design a slide that uses less material without sacrificing safety. 

Most Ansys simulations are performed using the Ansys Workbench system, which is one of the 

company's main products. Typically, Ansys users break down larger structures into small components that are 

each modeled and tested individually. A user may start by defining the dimensions of an object, and then adding 

weight, pressure, temperature and other physical properties. Finally, the Ansys software simulates and analyzes 

movement, fatigue, fractures, fluid flow, temperature distribution, electromagnetic efficiency and other effects 

over time. 
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1.8 Significance of the Research  

There is lack of research in Jordan in the field of materials thermal performance and solar passive strategies. 

This research is important to fill this gap, help establish a new database for the chosen sample location (Al-

Karak), reflect on the issue and address new more sustainable options to the existing dwellings. Furthermore, 

this project works in the form of a retrofit intervention, rather than a design project from the start, which may 

help many people retrofit their existing houses rather than rebuild it. 

 

2. Theoretical Background 

This section includes review of energy management, and passive solar heating system.  

2.1. Jordan’s Need for Renewal Energy 

The nature of Jordanian climate is very appropriate to use an alternative energy, since the summer lasts for 

long periods, and in winter there is sunshine during most days of the season. Thus, this energy can be stored in 

special batteries to store energy. According to Ali and Alzu’bi (2017), winter is proportional to the use of 

alternative energy, where solar cells generate energy and store them in storage batteries. This litt le average of 

energy stored in winter for 2-3 hours per day is sufficient to illuminate the road at night (Bhikhoo et al., 2017). 

The growth of population and economics in Jordan leads to a continuous rise in demand for energy and 

electricity; where the energy demand witnessed a growth of 4%, and the demand for electric energy increased by 

more than 7% (Sada et al., 2015). This significant change in energy demand in Jordan called three energy -related 

organizations: The Royal Commission for Energy, the Minis try of Energy, and Mineral Resources to prepare 

national strategy, because they believed that it is necessary to expand the market share of renewable energy, 

which currently does not exceed 9% in Jordan (Al-Qinna et al., 2018). 

One of the most important motives for developing alternative energy sources is that they become more 

available and their costs are sometimes competitive with the costs of oil extraction. For Jordan, renewable 

energy is not only an alternative energy, but an energy that is able to drive economic growth forward (Kaptan, 

2019). 

2.2 Description of Passive Solar Heating Systems 

Passive solar design integrates a combination of building features to reduce or even eliminate the need 

for mechanical cooling and heating and daytime artificial lighting. According to (Ansari et al. 2013). Designers 

need to pay particular attention to the sun to minimize heating and cooling needs. The design does not need to be 

complex, but it does involve knowledge of solar geometry, window technology, and local climate. 

Passive solar heating system depends on the building components for collecting, storing, and distributing 

heat gains. This system does not require mechanical equipment because the heat flow depends on the natural 

means, such as radiation, convection, and conductance (Shwany, 2018). 

According to some studies, such as Chen, Zhang, & Gao, (2016) and Kabeel & Abdelgaied (2016), from the 

physical view, there are four fundamental approaches for forming different types of passive solar systems, which 

are: thermal storage walls, direct gain, roof ponds, and convection loops. Whichever a technique used for passive 

solar heating systems, it can be either direct gain, indirect gain, or isolated gain depending on the way in which 

energy is collected, stored, and transferred (Lohrasbi, Miry, & Gorji-Bandpy, 2017): 

 Direct gain: 

It is the most popular application of passive solar energy systems. This may be attributed to its simple use 

and relatively low cost. In this passive solar energy design , the living areas work as solar energy collectors 

through the use of south-facing windows that allow entry of sunlight directly  to the house (Chen et al., 2016). 

However, direct gain has some disadvantages, for instance it cannot control temperature effectively because of 

lack of some thermal storage.  

 Thermal Storage Wall (Trombe wall):  

It's known also as Trombe wall. It is constructed from two exterior walls, one is made of concrete or 

concrete-filled block, and the other is made of glass. Trombe wall is a massive thermal st ore formed from 

common building materials, (i.e:  concrete, brick) or Phase change materials (PCM).  Trombe wall is located in 

the front of the south and covered by a single or double glass layer (Su, Zhao, Lei & Deng, 2016). It is painted 

with dark to absorb the sunlight passing through the glass during the day (Abbas & Azat, 2018). 

Trombe wall work differently in summers and winters as described below (Sharma & Gupta, 2017):  

a) Trombe walls in summer: 

 In summer, the wall is usually shaded using overhang to  not receive sunlight directly. In case it is sheltered, 

it remains cool and its intrinsic qualities absorb heat keeping the rest of the place cooler. The immanent wall 

materials are responsible for absorption and transfer of the heat gradually. The overhang is used for blocking 

the summer sun from hitting the Trombe wall. 

 

 

https://www.emerald.com/insight/search?q=Hikmat%20H.%20Ali
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b) Trombe walls in winter: 

In winter, when the sunlight hits the Trombe wall, it gets heat up and then transfers the heat inside the house 

to warm it. The thermal mass increases as it absorbs the heat, and then releases it gradually inside the house. 

Thus, in winter when the temperature of ambient air drops in the night, the thermal mass extend s releasing 

the stored heat energy to keep the house relatively warm for longer period of time.  A fter the thermal mass 

has just liberated its heat, it will then be ready to gain heat in the next day. Figure (1) shows the Trombe Wall 

in summer and winter. 

 

 

Fig.1: Trombe wall for (a) winter heating and (b) summer cooling (Sharma &                  Gupta, 2017) 

 

3. Review of literature 

Martzopoulou, Vafiadis, & Fragos (2020) improved a simple passive solar system that consisted of plastic 

sleeves filled with water to increase the energy in greenhouses. To achieve the study aim, three different 

experiments were conducted for examining the benefit of the solar energy system in the greenhouse during CO2 

enrichment at high temperatures. In the first stage with duration of 42 days, there was not passive solar system 

applied but just thermal capacity was considered. In the second stage in autumn with duration of 39 days, a 

passive solar system was applied to get benefit from its thermal capacity. The third stage was a replica of the 

second stage but was conducted in the next spring with duration of 28 days. The temperature variation between 

the control and the experimental greenhouses without applying passive solar system ranged between 0c◦ to 
1.55c◦, whereas it ranged between 0.3c◦ to 2.9c◦ in the second stage during the autumn and 0.75c◦ to 2.1c◦ in the 

third stage in case of applying the passive solar system. The energy captured by the experimental houses was 

about (10% to 25%) more than those captured by the control greenhouses during springtime. 

A study applied by Abbas & Azat (2018) to investigate the mass flow rate and Rayleigh number on the 

passive solar using Trombe wall that consisted of (industrial wax) and used as phase change material (PCM). 

Trombe wall was covered with glass with 6 mm in thickness. An air gap channel with six different widths (10, 

15, 20, 25, 30, and 35) was used through six experiments that were conducted during the winter season in Kirkuk 

city. The study results showed that the mass flow proportionally rate to the channel width and inversely with 

Rayleigh number. Also, the highest level of efficiency was attained at the depth of 30 cm, which was 2.45 times 

the efficiency of 10 cm.  

Su, Zhao, Lei & Deng (2016) used computational fluid dynamics (CFD) simulation method to numerically 

simulate air flow rate and heat transfer in a built-in PV-Trombe wall with vertical inlet. When the width of the 

channel increased, the natural convection of the heat transfer was enhanced and the PV surface was cooled better 

by the air which reflected on improving slightly the efficiency of PV electricity. The rate of ventilation through 

the built-in PV-Trombe wall achieved its maximum at an optimal ratio of the channel width to its height 

(b/H)opt=1/5). Multiple regression analysis proved that there was a significant correlation between averaged 

Nusselt number, Reynolds number and Rayleigh number. 

The study by Vrachopoulos et al. (2015) aimed to present the results of experimental and numerical study 

for the performance of test PCM chamber for passive solar applications. The numerical section of the study 

depended on a one dimensional model for the PC problem. The numerical treatment depended on a finite-

difference technique, and its results were compared to the literature data and field measurements. The 

experimental test PCM chamber was applied in the campus of Central Greece University of applied Sciences at 

Psachna, Evia. GR 27 of Rubitherm was used as PCM in the numerical and experimental tests. The study results 

showed that the PCM does not work as an insulator but stabilization mean of temperature in the indoor 

temperature during the PC period. The results showed a good quantitative and qualitative agreement in applying 

the numerical model for simulating the performance of the experimental PCM chamber. 
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The current study has got benefit from the literature review of the previous studies through developing its 

theoretical background, from some methodologies, and from the analysis tools that were used in the previous 

studies. 

The current study is differentiated from the previous studies in the follows: 

The current study is differentiated from the previous studies in its aim which is focused in maximizing 

passive solar energy use, and minimizing energy use of low-middle income households in Jordan, dealing with 

climate-conscious, energy-efficient and environmental wise measures at the building level. Second; the current 

study is differentiated in its approach and methodology, where it has been applied practically in residential 

building that is not concerned with the importance of energy management. 

The current study is differentiated in its application place, where it has been applied in Karak city, a city that 

helped the researcher to apply her study easily because of its climate conditions. Third; what gives the current 

study to be differentiated from the previous studies that there is not any previous study applied  in Jordan in its 

topic that gave it more support to be as a unique study in energy management domain. 

 

4. Data Analysis and Discussion 

The heat load of the building was calculated before modification and after modification by using Trombe wall 

system, and making comparison between the two cases..  

4.1 Heating Load Calculation 

The building in this study has an area about (137) m
2
 as shown in the Figure (2): 

 
Fig.2: Design Plan for House 

 The Area of component of building is shown in Table (1): 

Table 1: The Area of Building Component 

Type of area Area(m
2
) 

Wall 144 

Windows 14.12 

Doors 4.4 

Ceiling 137 

Ground 137 
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4.1.1   Heat Loss through Walls: 

Figure (3) Shows details for wall: 

 

 

 

 

 

 

 

Fig.3: Details for Wall 

 

The heating transfer through the wall can be calculated by using the equation (1) (Alsaad, 2005) 

Q w= UA (Ti-To) ………………..…………… (1) 

Where; 

Q: is the heat transfer rate (W) 

U: is the overall heat transfer coefficient (W/m
2
.
o
C) 

A: is the area of heat transfer (m
2
) 

(Ti-To): is the difference between the inside and outside temperature 

The total resistance can be found given that the heat transfer by the load and conduction takes place respectively. 

The thermal resistance of the thermal circuit can be obtained by summing the resistances of each one of them as 

in equation (2) & (3) (Alsaad, 2005): 

Rt = Rp+Rh+Rp   ........………………………………..…... (2) 

Rt = (  )p+(  )h+( )p …………………………….……..(3) 

Rt= ( )p+(  )h+( )p  =0.1611 

U=   =  =6.21 W/m
2
 C̊ 

Area of wall=144 m
2
 

Q= 6.21*144*(24-8) =14307.84 W 

 

4.1.2 Heat Loss through Window 

           In the building type of (A)  (single glazing ,clear ,aluminum frame ) U for window is (5 w/m
2c̊)  from 

Appendix  equation(4) (Alsaad, 2005) 

Qw= UA (Ti-To)………………………………..(4) 

A = 14.12m
2
 

Q= 5*14.12*(24-8)=1129.6 W/m
2c̊ 

4.1.3 Heat Loss through Door 

Building has two doors metal can be calculate by equation (5). 

Q d= UdAd (Ti-To)………………………….….(5) 

U for metal door is (5.8) W/m
2c̊ 

A=4.4m
2
 

Q= 5.8*4.4*(24-8) = 408.32 W/m
2c̊ 

4.1.4 Heat Loss Due to Infiltration 

Since the outside temperature is only known the crack method is to be used to calculate heat loss due to 

infiltration by windows  

a. Heat Loss Due to Infiltration by Windows 

  Heat loss due to infiltration by windows is given by equation (6), (7) & (8) (Alsaad, 2005): 

Qs,f= (1250/3600) Vf(Ti-To)…………………..….(6) 

Vf= KL (Δp)2/3
 …………………………….……..(7) 

ΔP=0.613(S1S2 V.)
2
 ……………………………... (8) 

ΔP= 0.613*(1.1*0.63*6)2 
=10.6 

Vf= 0.43*(7(2*1.5+2*1.25))+(2(2*0.5+1*2))*(10.6)
2/3

=717m
3
/s 

Q=(1250/3600)* 92.33*(24-8)=3983 W 

 

a. Heat Loss Due to Infiltration by Doors 

Infiltration can be calculated by equation (9) & (10): 

 Vf (Ti-To)…………………………….….(9) 
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Vf=KL (ΔP)2/3
 ……………………………..…….(10) 

ΔP=0.613(1.1*0.63*6)2/3
=3.5 

L=[2*1+2*2]+[2*1.2+2*2]=12.4 m 

Vf=0.65*12.4*3.5=28.21 m
3
/s 

 *28.21*(24-8) =157 W 

b. Heat Loss through Ceiling  

Figure (4) shows the details for ceiling in the house: 

 

 

 

 

 

 

 

 

Fig.3.4: Details for Ceiling. 

Because of its construction, the ceiling was  divided into two areas which are area A1and A2 the section area was 

divided into five parts . 

Area 1 is equal to: 

A1= 137*  = 109.6 m
2
 

A2=137*  = 27.4 m
2
 

So, heat transfer through area A1 is given by equation (11) & (12): 

Q1=U1A1 (Ti-To )…………………………….. (11) 

Rt=Ri + (  )p+(  )r+(  )c+(  )m+Ro ………………… (12) 

 Where Ri and Ro is the inside and outside thermal resistance for the ceiling and obtain from appendices. 

R1 = 0.1+ ( )p+(  )r+(  )c+ m+0.04=0.47 

U1=0.62W/m
2c̊ 

Q1= 0.62*109.6*(24-8) =1087W 

Similarly for the area A2 

U2 = 0.57w/m
2c̊ 

Q2=0.57*27.4*(24-8) =250 W 

The total heat loss through the ceiling is: 

Qt= Q1+Q2 ……………………………..… (13) 

Qt= 1087+250 =1337W 

c. Heat Loss Through Ground 

 Figure (5) shows the details for ground in the house. 

                                 Fig. 5: Details of Ground 

Q=U*A*(Ti-Tg) …………………………..…. (14) 
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R= ( )t+(  )s+(  )c =0.42 

U= 2.38/m
2c̊ 

Q=2.38*137*(24-10) =4565W 

Table (2) content the result data calculated for heat load in the house 

Inside design conditions Ti: 24 

Outside design conditions To: 8 

Table 2: The Result Data for Heat Load in the House 

 Area 

(m
2
) 

Uov. 

(W/m
2c̊) 

Ti-To 

(c̊ ) 
Q 

(W) 

Walls 144 6.21 16 14307.84 

Ceiling 137 0.62 

0.57 

16 1087 

250 

Floor 137 2.38 14 4565 

Windows 14.12 5 16 1129.6 

Doors 4.4 5.8 16 408.32 

Infiltration   16 4140 

Total     25888 

 

4.2 Calculating the Heated Load through Trombe Wall 

 Figure (6) below shows the building with Trombe Wall. 

 
                           Fig. 6: Building with Trombe Wall 

a. Numerical Method 

 Trombe wall system is used on the southern face, as the area that will be worked on is a small area in relation to 

the rest of the interfaces, as its area is estimated at 39 m
2
 and its initial construction cost is minimal and has an 

aesthetic on the building. The design for Trombe Wall contains of double glazing window open interior  from up 

and down that increases circulation of air, air gap that includes air that is heated from radiation of sun , layer of 

black paint that increases the wall temperature, a layer of concrete that transfers and stores heat as show in  

figure (7) : 
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Fig.7: Details of Trombe Wall 

            The thickness of layer concrete is 0.2m, its thermal conductivity is (k=0.69 W/m.c̊), and its thermal 

diffusivity is (α= 0.75*10-6
 m

2
/s). The variation of the temperature Tout and solar heat flux q solar incident on south 

facing vertical surface throughout the day. 

Table 3: The hourly variation of monthly average temperature and irradiation for January in Karak 

Time of day Temperature c̊ Irradiation W/m
2
 

7AM-10AM 7 150 

10AM-1PM 26 622 

1PM-4PM 25 509 

4PM-7PM 8 65 

7PM-10PM 3 0 

10PM-1AM 2 0 

1AM-4AM 2 0 

4AM-7AM 2 0 

 

The absorptivity transmissivity product of κ = 0.71, heat transfer coefficient out hout = 34.1 W/m
2
.k . 

The interior of house is maintained at T=24 c◦ at all time, heat transfer coefficient  

 hin = 9.26 W/m
2
.k . 

 Assuming the temperature to vary between 24 c̊ at the interior and 8 c̊ at the exterior at 7AM .Used the 
method with a uniform nodal spacing of  ∆x= 0.05m determines the temperature distribution along the thickness 

of the Trombe Wall and determines the heat transfer to the wall (Equation 15): 

The nodal spacing: 

M  + 1 …… (15) 

L: thickness the wall concrete m 

∆x:    spacing between nods 

M= 5, we number nodes as 0, 1,2,3,4. Shown in figure (8). 
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Fig. 8: The nodal network for the Trombe Wall 

 Equation (16) gives the temperature Tmi+1 explicit method (Yunus, 2009). 

Tm
i+1

 = τ (T
i
m-1+T

i
m+1) + (1-2τ)Ti

m+ τ gi
m ∆x

2
   ........(16) 

                                                                                                     
k 

Tm
i+1

new temperature 

T
i
m-1  last temperature 

T
i
m    surface temperature  

g
i
m    heat generation 

∆x    spacing between nods 

τ       mesh Fourier number 

k      thermal conductivity 

 

 The dimension mesh Fourier number is  defined in equation (17) (Yunus, 2009)  

τ  =  α∆t ……………………………………………….(17) 

       ∆x2
 

α     thermal diffusivity 

∆t    time step 

∆x    spacing between nods 

 

Nodes 1 through 3 are interior nodes and the explicit finite difference formulation of these nodes are obtained 

from Eq.(16) to be (Younis et al.,  2009): 

Nod 1(m=1): T1
i+1

 = τ (T0
i
 + T2

i
) + (1-2τ) T1

i
 ……………. (18) 

Nod 2(m=2): T2
i+1

 = τ (T1
i
 + T3

i
) + (1-2τ) T2

i
 ……………. (19) 

Nod 3(m=3): T3
i+1

 = τ (T2
i
 + T4

i
) + (1-2τ) T3

i
 …………….. (20) 

The interior surface is convection that can be expressed by the explicit formulation of the node 0 (Yunus, 2009): 

T0
i+1

 = (1-2τ - 2τ hin  ∆x) T0
i
 + 2τT1

i
 + 2τ hin ∆x Tin  ……(21) 

                                    k                                k 

Where: 

τ     mesh Fourier number 

hin   heat transfer coefficient inside 

k    thermal conductivity 

Tin temperature interior the house 

∆x  Spacing between nods 

 

Substituting (hin,∆x,k,and Tin) 

T0
i+1

 = (1- 3.34)T0
i
 + τ(2T1

i
 + 32.2) …………….…(22) 

 

 The exterior surface of nod 4 the explicit finite difference formulation of these node is obtained from 

Eq.(23) simplifies to (Yunus. 2009). 

T4
i+1

 = (1-2τ - 2τ hout ∆x)T4
i
 + 2τT3

i
 + 2τ hout∆x Tout + 2τ κq﮲solar∆x    ….. (23) 

                                k                                   k                        k 
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hout    heat transfer coefficient outside 

k       thermal conductivity 

Tout    temperature exterior the house 

∆x     spacing between nods 

κ        absorptivity transmissivity product 

q﮲solar  Solar irradiation 

 

Where: 

τ = α   ∆t        ……………………………….... (24) 

         ∆x
2
 

 

Where: 

τ        the mesh Fourier number 

α       thermal diffusivity m
2
/s 

∆t      time step s 

∆x     the nodal spacing m 

 

Substituting (hout, ∆x, k and κ ) into equation (25) gives: 

T4
i+1

 = (1- 6.94τ) T4
i
 + τ(2T3

i
 + 4.94T

i
out+ 0.103q﮲solar     ...............(25) 

Where the unit q﮲solar  is w/h.m
2
 

In this case is coefficient of T0
i
 in the formula of node 0  

Since 1 – 3.34τ <1 – 6.94 τ 

          1 – 3.34τ ≥ 0 

 

        τ = α   ∆t     ≤       1   

                 ∆x
2               

3.34 

The maximum allowable value of the time step is: 

∆t ≤     ∆x2
 

         3.34α 

∆t = 998 s 

Any time period can be shorter for example 900s =15min  

τ = 0.3 for ∆t =15min  

Initially at 7 AM or t=0 

Temperature change between two nodes on all length is (24-8)/4=4c̊ 

Therefor the initial nodal temperature is  

T0
0=24C̊ , T1

0=20 C̊T2
0=16 C̊ ,  T3

0=12 C̊ , T4
0=8C̊ 

 

Then the nodal temperature at ∆t =15min (at 7:15AM) is determined from (1,2,3,4,5) equation to be: 

 

T0
1
= (1- 3.34τ) T0

0
 + τ(2T1

0 + 32.2) =21.6C̊ 

T1
1
 = τ (T0

0
 + T2

0
) + (1-2τ) T1

0
 = 20C̊ 

T2
1=τ (T1

0
 + T3

0
) + (1-2τ) T2

0 = 16C̊ 

T3
1=τ (T2

0
 + T4

0
) + (1-2τ) T3

0 = 12C̊ 

T4
1
 = (1- 6.94τ) T4

0
 + τ (2T3

0
 + 4.94 Tout + 0.103q0﮲solar= 13.55C̊ 

Note that the inner surface temperature of the Trombe wall dropped by 2.4C̊ and the outer surface temperature 
rose by 5.55C̊ during the first time step. 
 

The amount of heat transfer during the first time step (i=1) or during the first 15 min period is (Yunus, 2009): 

Q
1

trombewall= hinA[(T0
1
 + T0

0
)/2 – Tin]∆t……………….(26) 

Substituting (A, hin, T0
1
, T0

0
Tin, ∆t) 

Q
1

trombewall= -432501 kw/m
2
.s 

The negative sign so heat loss. 

The total amount of heat transfer during the two days is as follows  (Yunus, 2009):  

Qtrombewall=∑I
i=1Qtrombewall=∑I

i=1hin A[(T0
i
 + T0

i-1
)/2 – Tin]∆t ……..…(27) 

Because we don’t have reading per 15, therefore we can't complete the calculation. Thus, ansys software was 

used to find reading for T and Qtrombewall during day . 
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b.  Ansys Software: 

Thermal properties including temperature, heat capacity, and heat flux were investigated for Trombe Wall 

painted with black paint material and exposed to direct sun radiation. The study was conducted and solved 

through transient thermal finite element solver in ANSYS Software, Product Release 2020 R1. 

Table (4) shows the thermal material properties of Trombe Wall system parts , and the differences in values. Air 

Gap and glass are used to isolate wall from outer environment, therefore thermal conductivity was low and 

specific heat had high value. Black paint has high thermal conductivity in order to absorb and transmit sun 

irradiation immediately. 

 

Table 4: Thermal Material Properties of Trombe Wall System Parts. 

Material Thermal Conductivity 

W/m·°C 

Density 

kg/m³ 

Specific Heat 

J/kg·°C 

Trombe wall (Brick) 0.69 2350 840 

Black paint 200 710 30 

Air Gap 0.02 1.16 1007 

Glass 0.03125 11.6 840 

 

Isometric view and dimension of  Trombe Wall system parts is presented in Figure (9) 

 
Fig.9: ISO View of Trombe Wall System Parts 

Finite elemenst were used to solve the problem as shown in Figure (10). Each part was divided and 

meshed into certain number of elements , the type of element used is thermal element ,total numeber of nodes are 

11280 and 1980 elemnts. 
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Fig.10: Finite Element Mesh of Trombe Wall System Parts  

 

 

After entering the data and running the model, the program starts with giving results for temperatures at 

each point over a period of two days and also gives results for load heat flux during the two days. The program 

can give results for any second during the two days. 

 The highest temperature reading was recorded on the second day, which is approximately 83c◦. It was 

also recorded that the highest thermal radiation reading is 18,000 w. 

 The change in heat flux recived from sun starts at 7 Am and continues for 48 hours. It can be  noticed that these 

values are used as input heat flux to Trombe Wall . 

 
Fig.11: Input Heat Flux through 48 Hours 

 It has been noticed through Figure (11) that the heat flux is highest in the middle of the day and that 

means the heat flux increases when the sun is vertical in the middle of the day. This is because the amount of 

solar irradiation that reaches its highest is in the middle of the day. 

 Figures (12) and (13) show maximum values of temperature (83̊c) and heat flux (452) w/m
2
 each 1m

2
 

distribution during 48 hours for only Trombe Wall. Also figures (14) and (15) below show maximum values of 

temperature and heat flux contour respectively for   Black Paint, Air Gap and Glass during 48 hours. 
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Fig. 12: Maximum of temperature contour values for Trombe Wall during  48 hours 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

Fig. 13: Max Heat Flux Contour Values for Trombe Wall During 48hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14: Max temperature contour values for Black Paint, Air Gapand Glass during 4 
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Fig. 15: Max Heat Flux Contour values For Black Paint, Air Gapand Glass during 48 Hours 

The maximum temperature on the surface of the Trombe Wall in the outside is 83c◦. This means that 

the amount of heat gained by the wall is high. This is attributed to that as solar irradiation falls on the glass and 

heats the Air Gap; the black paint absorbs heat which transfers to the wall concrete so that the heat gained is 

cumulative during the day. Heat is transferred through the concrete wall to reach the interior surface of the wall. 

The maximum heat flux on the surface Trombe wall in the outside is 452w/m
2
. This means that the Trombe wall 

is gaining 18000w/m
2
 because its area (39m

2
). The interior temperature on the surface is 29◦C. This is enough to 

keep the room temperature moderate after the sunset and during the night. Area of Trombe Wall is 39 m
2
, and

 
its 

ratio is 10% of house area. 

The house loses heat of 25888w from all area but the Trombe Wall gains heat of 18000w. Saving 

energy ratio through this area is 69%, which constitutes 10% of the area of the house. 

 

Table (5) represents temperature values at measuring points on Trombe Wall every 1 hour.  

Table 5: Temperature Values at Measuring Points on Trombe Wall Every 1Hour. 

Time h T1 [°C] T2 [°C] T3 [°C] T4 [°C] T5 [°C] 

0.01AM 24 24 24 23.998 24.011 

7AM 24.001 24.005 24.04 24.312 26.865 

8AM 24.014 24.069 24.405 26.103 34.838 

9AM 24.089 24.341 25.497 29.636 40.359 

10AM 24.313 24.961 27.239 33.658 52.842 

11AM 24.752 26.004 29.9 40.291 64.63 

12AM 25.466 27.591 33.42 46.65 69.456 

1PM 26.482 29.602 36.899 50.437 66.804 

2PM 27.683 31.674 39.484 51.192 61.603 

3PM 28.858 33.436 40.93 50.163 55.392 

4PM 29.821 34.686 41.351 47.843 47.857 

5PM 30.474 35.354 40.882 44.708 42.83 

6PM 30.789 35.478 39.893 42.089 39.847 

7PM 30.807 35.207 38.76 40.039 37.778 

8PM 30.616 34.703 37.635 38.38 36.197 

9PM 30.302 34.08 36.565 36.991 34.923 
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10PM 29.925 33.409 35.562 35.797 33.859 

11PM 29.525 32.733 34.63 34.749 32.944 

Time h T1 [°C] T2 [°C] T3 [°C] T4 [°C] T5 [°C] 

12PM 29.125 32.074 33.767 33.816 32.141 

1AM 28.736 31.447 32.97 32.978 31.427 

2AM 28.367 30.857 32.236 32.218 30.787 

3AM 28.02 30.306 31.559 31.528 30.208 

4AM 27.697 29.795 30.937 30.898 29.679 

5AM 27.397 29.323 30.365 30.321 29.195 

6AM 27.12 28.887 29.841 29.811 28.941 

7AM 26.866 28.496 29.436 29.861 33.096 

8AM 26.652 28.23 29.563 32.104 43.467 

9AM 26.553 28.305 30.779 36.996 55.151 

19AM 26.695 28.942 33.15 43.109 66.205 

11AM 27.178 30.203 36.363 49.556 75.259 

12AM 28.015 32.005 40.015 55.471 81.307 

1PM 29.144 34.168 43.672 60.184 83.94 

2PM 30.448 36.455 46.883 62.862 79.276 

3PM 31.779 38.569 49.048 62.439 72.207 

4PM 32.965 40.209 49.913 59.915 61.121 

5PM 33.819 41.146 49.439 55.51 52.956 

6PM 34.259 41.342 48.058 51.522 48.202 

7PM 34.289 40.955 46.378 48.391 45.01 

8PM 34.012 40.21 44.686 45.865 42.59 

9PM 33.545 39.278 43.07 43.753 40.65 

10PM 32.982 38.271 41.555 41.941 39.035 

11PM 32.381 37.252 40.147 40.355 37.652 

12PM 31.778 36.259 38.843 38.944 36.439 

1AM 31.192 35.312 37.639 37.677 35.359 

2AM 30.634 34.421 36.529 36.529 34.387 

3AM 30.11 33.589 35.507 35.483 33.507 

4AM 29.622 32.817 34.567 34.529 32.706 

5AM 29.169 32.102 33.701 33.656 31.974 

6AM 28.754 31.45 32.915 32.879 31.468 

 

We notice that the temperature increases with time during the day, but after the sun sets, it begins to decrease 

gradually, and it does not decrease to significant degree. The wall stores the temperature it has gained during the 

day and at night after the room temperature drops, the heat stored in the wall flows into the room. During the 

next day, temperature rises from a higher degree than the previous day.    

  

Figure (16) shows the relationship between changes in temperatures at measuring points through time. 
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Fig.16: Change in temperatures at measuring points through time 

Table (6) represents heat transfer values at measuring points on every 1 hour. Maximum heat transfer as shown 

in figure (17) was recorded at the measuring point (q5) on the outside surface of the Trombe Wall. The value is 

near to (18000 W), and happened at the middle of second day.  

 

Table 6: Heat Transfer Values at Measuring Points on Trombe Wall Every 1 Hour. 

Time [h] q1(w) q2(w) q3(w) q4(w) q5(w) 

0.01 0.25 0.41 1.84 1.77 16.72 

7AM 1.89 6.53 13.13 591.12 2261.45 

8AM 12.14 23.65 365.72 2343.82 7287.54 

9AM 16.59 231.64 1335.75 3720.05 7808.97 

10AM 33.57 594.52 2056.67 6191.64 14771.64 

11AM 151.41 1105.22 3634.45 8760.57 17504.37 

12AM 371.62 1870.48 5080.92 9547.98 14817.66 

Time [h] q1(w) q2(w) q3(w) q4(w) q5(w) 

1PM 739.52 2647.63 5711.94 8346.39 8964.54 

2PM 1212.24 3159.86 5386.29 6379.23 4626.57 

3PM 1687.65 3327.44 4651.92 4353.96 1125.93 

4PM 2082.33 3243.16 3714.24 2253.97 2379.16 

5PM 2358.17 2967.82 2613.74 832.73 2838.38 

6PM 2495.88 2592.21 1835.96 154.01 2526.69 

7PM 2509.46 2246.67 1337.04 171.12 2229.47 

8PM 2440.39 1966.89 1014.23 333.26 1991.22 

9PM 2324.48 1743.73 800.59 410.67 1795.83 

10PM 2185.52 1562.07 654.93 440.74 1629.81 

11PM 2037.87 1410.05 552.08 444.09 1486.52 

12PM 1889.98 1279.55 476.23 432.74 1360.01 

1AM 1746.69 1165.28 418.00 413.21 1246.32 

2AM 1610.47 1063.73 371.52 389.59 1143.01 

3AM 1482.55 972.54 333.25 364.44 1049.61 

4AM 1363.32 890.10 300.69 339.71 965.95 

5AM 1252.72 815.10 272.13 316.08 889.43 

6AM 1150.38 746.19 247.24 254.95 668.85 

7AM 1052.73 676.49 257.26 709.61 2948.17 

8AM 951.60 675.36 805.74 3121.17 9400.17 

9AM 867.48 919.07 2105.22 5905.38 13799.37 

19AM 866.85 1459.54 3600.25 8314.80 16629.21 

11AM 1003.00 2183.81 5049.33 10044.84 17615.52 

12AM 1285.09 2973.83 6226.74 10895.04 16831.23 
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1PM 1692.02 3718.18 6987.24 10834.59 14596.92 

2PM 2183.61 4336.02 7259.85 9148.62 8195.46 

3PM 2710.50 4694.04 6594.51 6762.60 3549.43 

4PM 3198.35 4714.71 5562.96 3749.15 2719.90 

5PM 3566.00 4428.45 4024.41 1445.85 4214.73 

6PM 3766.19 3923.01 2827.81 305.03 3820.75 

7PM 3791.74 3414.33 2057.99 221.60 3368.86 

8PM 3692.44 2991.65 1559.96 480.32 3006.71 

9PM 3520.76 2652.43 1230.72 603.14 2708.08 

10PM 3312.78 2376.08 1006.90 650.99 2453.72 

11PM 3090.83 2145.16 849.46 656.68 2233.80 

12PM 2868.06 1947.31 734.10 639.48 2041.26 

1AM 2651.88 1774.34 645.72 610.39 1870.36 

2AM 2446.28 1620.76 575.09 575.76 1716.86 

3AM 2253.11 1482.82 516.59 538.94 1577.08 

4AM 2073.01 1357.98 466.79 502.05 1450.02 

5AM 1905.93 1244.45 423.35 466.60 1334.81 

6AM 1752.82 1141.41 385.46 400.92 1103.62 

 

We notice that the heat transfer increases during the day, but after the sun sets, it begins to decrease 

gradually, but it does not decrease to significant degree. The wall stores the heat it has gained during the day and 

at night after the room temperature drops, the heat stored in the wall flows into the room. During the next day, 

the heat transfer rise from a higher reading than the previous day. 

 

   Figure (17). The relationship between changes in heat transfer at measuring points through time 

 
Fig. 17: change in heat transfer at measuring points through time 

 

4.3 Saving Energy 

The energy saving can be calculated by comparing the calculated heat flux and heat loss values for the home. 

Q heat loss = 25888W   

Q heat transfer = 18000W  

Saving energy % = 18000/25888 =69% 

 This high percentage contributes to saving 69% of energy for the home through the Trombe wall system. 

4.5 Feasibility 

This system only has an initial cost. 

 Table (7) Bill of Quantities for the Trombe Wall system. 
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Table (7) Bill of Quantities 

Description Unit Quantity Unite price 

JD 

Total price 

JD 

Double glass with 

aluminum frame 

 

m
2
 

 

39 

 

65 

 

2535 

Concrete 

thickness(20cm) 

m
3
 8 30 240 

Total  2775 

 

Fuel consumption for heating: 

The cost of gas in heating during the four winter months (120 days), where every three days a gas cylinder is 

replaced, and the price of the cylinder is 7 JD. 

The cost= (120/3)*7 = 280JD 

Using a 2-ton electric air conditioner (120 days) consumes 15 kilowatts per day, 450 kilowatts  per month, costs 

34 JD/month. 

The cost in four months = 34*4=136JD 

Total cost =280+136 = 416 JD 

Payback period=2775/416 =6.6 

There is no operating cost. 

 

5. Conclusion and Recommendation 

5.1 Conclusion 

Trombe Wall system is working well, and through the readings we have obtained  

1. The highest temperature outside is 83̊c on the surface Trombe wall and the highest temperature 
inside is 29̊c on the surface Trombe wall, the heat transfer is 18000W in the Trombe Wall from the 

outside to inside. This is due to the amount of solar radiation reaching the Trombe wall, because the 

climatic conditions in Al Karak  and winter temperatures are very suitable for that. 

2. This system saves the house's temperature in case of disconnection from the sources of heating 

the house during the winter season, where the Trombe Wall retains energy. 

3. The possibility and ease of applying the system to buildings and the possibility of adding the 

system to pre-built buildings. 

a. This system was applied to the southern façade only, with a rate of 27% of the façade area . 

b. Making a lower and upper hole in the inner layer of the glass accelerates the heating of the air 

Gap. 

c. The saving energy ratio is 69%, which means that the Trombe Wall saves energy for the house. 

This reduces the use of fuel for heating and reduces carbon emissions.  

d. The payback period is 6.6, and there is no operating cost. 

 

5.2 Recommendation: 

1 . This system is the first of its kind in Al Karak, and modifications can be added and developed to serve its 

purpose. The use of the Southern facade is a challenge in changing the culture of the people in exploiting 

this facade in a different way to what is there. The concrete wall thickness can be adjusted by increasing the 

thickness to reduce the amount of heat received in high temperature areas. 

2. The possibility of providing solutions to reduce the solar radiation reaching the southern façade in the 

summer season. These solutions can be done by using modern technologies for shading, such as shading the 

glass or the entire façade through mechanical arms that open in the summer to shade the façade.  Using the 

high heat stored by the wall to heat the house water. 
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Appendix (1) 

Values of infiltration air coefficient K for windows  

 

Window type  

Infiltration air coefficient K 

Average                       minimum              maximum 

Sliding 

    Iron 

    Aluminum   

 

 0.36                              0.25                             0.40 

 0.43                              0.25                             0.70 

Hung 

   Iron 

   Aluminum ( side pivoted) 

   Aluminum ( horizontal pivoted) 

   PVC  

 

 0.25                              0.10                              0.60 

 0.36                              0.07                             0.70    

0.30                              0.07                         0.5       

  0.10                               0.03                              0.15 

 

Appendix (2) 

Value of the factor S1  

No.          Topography of location                                                                                                         value of S1 

1               Protected locations by hills or building (wind speed = 0.5 m/s)                                              0.9 

2              Unprotected locations such as sea shores, hill tops, etc.                                                          1.1 

3             Locations other than that listed in item (1) or (2) of this  table                                                 1.0 

 

Appendix (3) 

 

Appendix (4) 

Inside film resistance Ri 

Element                              heat direction                        material type  Ri (m
2
./W) 

Walls                                    Horizontal                              Construction materials                                0.12 

                                                                                               Metals                                                           0.31        

Ceiling and Upward                                 Construction materials                                                           0.10 

Floors                                                                                    Metals                                                              0.21 

ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

                                             Downward                             construction materials                                 0.15                 
 

Appendix (5) 

Overall Heat Transfer Coefficient for Windows, W/m
2
.c 

 Wind speed, m/s 

Material type and frames 

 

Single Glass  Double Glass, 6 mm air gap 

< 0.5            0.5 – 5.0             >5.0 < 0.5              0.5 – 5.0           >5.0 

Wood 3.8                     4.3                   5.0 2.3                       2.5                 2.7 

Aluminum 5.0                     5.6                   6.7 3.0                       3.2                 3.5 

Steel 5.0                     5.6                   6.7 3.0                       3.2                 3.5 

PVC 3.8                      4.3                  5.0 2.3                       2.5                 2.7 

 

Appendix (6) 

values of the factor S2    

location class class 1 class 2 class 3 class 4 

Outside film resistance R0 

Wind speed 

Element                                                material Type     

Less than 0.5                                          more than  

    m/s                        0.5 – 5.0 m/s               5.0 m/s 

Outside Resistance R0 , m2 .c/W 

                                                                Construction 

Walls                                                              materials 

                                                                Metal 

   0.08                               0.06                             0.03 

 

   0.10                             0.07                             0.03 

                                                           Construction 

Ceilings                                                          materials  

                                                              Metal 

   0.07                               0.04                             0.02 

 

   0.09                                0.05                             0.02 

                                                             Construction 

Exposed floors                                              materials  

 

   0.09                                 -                                    - 
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0.47  0.52  0.56 0.55  0.60  0.64 0.63  0.67  0.72  0.73  0.78  0.83 

0.50  0.55  0.60 0.60  0.65  070 0.70  0.74  0.79 0.78  0.83  0.88  

0.58  0.62  0.67  0.60  0.65  0.78 0.83  0.88  1.00 0.90  0.95  1.00  

0.64  0.69  0.74 0.78  0.83  0.88 0.91  0.95  1.00  0.94  0.99  1.03  

0.70  0.75  0.74 0.85  0.90  0.95  0.94  0.98  1.03  0.96  1.01  1.06  

0.79  0.85  0.90  0.92  0.97  1.01 0.98  1.03  1.07  1.00  1.01  1.06 

0.89  0.93  0.97  0.95  1.00  1.01  1.01  1.06  1.03  1.00  1.05  1.09  

0.94  0.98  1.02  1.00  1.04  1.08 1.04  1.08  1.12 1.06  1.10  1.14  

    

0.98  1.02  1.05 1.02  1.06  1.10 1.06  1.10  1.14  1.08  1.12  1.15   

1.03  1.07  1.10 1.06  1.10  1.13  1.09  1.13  1.17  1.11  1.15  1.18   

1.07  1.13  1.15  1.09  1.12  1.16  1.12  1.16  1.19   1.13  1.17  1.20   

1.11  1.13  1.15  1.11  1.15  1.18 1.14  1.18  1.21  1.15  1.19  1.22  

    

1.12  1.15  1.17  1.13  1.17  1.12  1.16  1.19  1.22  1.17  1.20  1.24  

1.14  1.17  1.19  1.15  1.18  1.12 1.18  1.21  1.24  1.19  1.22  1.25   

1.16  1.19   1.20         1.15  1.18  1.23 1.19  1.22  1.25  1.20  1.23  1.26  

1.18   1.21  1.22 1.18  1.21  1.24 1.21  1.24  1.26  1.21  1.24  1.27  
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