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Abstract.  The paper is concerned with the evaluation and comparison of the thermal performance of different wall elements as typically used in the construction of buildings in the Kingdom of Saudi Arabia.  The investigation is carried out under steady periodic conditions and for the climatic data of the city of Riyadh.  A numerical model based on the finite-volume and implicit procedure is developed for the computation of the time-dependent and nonlinear temperature variations through composite layers.  The model is validated against an exact analytical solution for a simplified problem. The detailed and overall heat transfer characteristics of four commercial wall structures are determined during representative days for the months of July and January.  The effect of wall orientation; namely, north, south, east and west on the thermal performance is also studied.  The R-values under dynamic conditions are established which include, implicitly, the effect of wall energy storage, solar insolation, wall orientation, season and radiation exchange along with the nominal thermal resistance parameters.



Nomenclature



A, B, C, D�coefficients in the finite-volume equations��Ao�amplitude of periodic temperature variation (oC)��c�specific heat (J/kg.K)��H.C.T.�hollow clay tile��H.W.H.C.B.�heavyweight hollow concrete block��h�heat-transfer coefficient (W/m2.K)��Is�solar radiation flux (W/m2)��k�thermal conductivity (W/m.K)��L�layer thickness (m)��N�number of layers��NI�number of nodes��NSTEPC�number of time steps per period (day)��Q�daily total heat flux (MJ/m2.day)���q�heat flux (W/m2)��Re , Rn�effective and nominal resistance values (m2.K/W)��Sp , SU�coefficients in the finite-volume equations��T�temperature (oC or K)��t�time (s)��v�wind speed (m/s)��X�dimensionless distance = x/L��x�coordinate direction (m)��Greek Letters���a�thermal diffusivity (m2/s)��Dt�time step (s)��Dx�internodal distance (m)��e�surface emissivity��q�dimensionless temperature��l�solar absorptivity��r�density (kg/m3)��s�Stefan-Boltzmann constant (W/m2.K4)��f�phase shift angle (rad)��w�frequency (rad/s)��Subscripts���c�convection��f�fluid (ambient)��i�inside surface or nodal point��j�layer number��N�outside layer in wall structure��o�outside surface��r�radiation��s�solar��1�inside layer in wall structure or nodal point 1.��

Introduction



The use of thermal insulation in buildings has increased significantly in recent years, in both hot and cold climates alike, and has become mandatory in some countries.  This was due to the high demand on the thermal comfort of people inside residential, commercial and governmental buildings besides the ever increasing costs of energy production and its adverse impact on the environment.  The thermal loads of buildings depend, among many factors, on the indoor design temperature, the outdoor prevailing climatic conditions, and the choice of building construction materials and insulations. For proper design and use of insulations in building structures, it is necessary to evaluate the detailed thermal characteristics of the structure under various influential parameters.

The thermal performance of building elements can be determined by either theory or experiment.  Theoretical analyses are, generally, preferred and are more convenient than the experimental measurements; the latter are often expensive and time consuming.  Experiments are, nevertheless, used to provide valuable physical property data and empirical information needed in the theoretical calculations; examples are the convective heat-transfer coefficients, air space resistance and interface resistance.  Analytical methods are known to suffer from certain limitations and approximations; besides, some are complicated enough to develop, apply and extend, and quite often involve infinite mathematical series.  Numerical schemes, on the other hand, such as the finite-volume method, can offer solutions to various problems without the need to make unjustifiable assumptions.  Extensions to account for more realistic conditions can often be carried out in a straightforward manner.



The literature offers a wealth of information with regard to heat conduction analysis in composite media; the following review concentrates on a sample that has a particular relevance to the present study.  Ozisik [1] described various methods for solving one-dimensional, time dependent problems of heat conduction in composite media with temperature-independent properties.  Such methods include the separation of variables, Greens functions, Laplace and integral transforms.  Zaki and Hassan [2] predicted the thermal performance of a two-layer composite wall with periodic change of the outside air temperature and solar insolation.  Eben Saleh [3,4] evaluated the performance of different arrangements and thicknesses of building insulation in a  hot-dry climate.  His results showed a better thermal performance when locating the insulation within the outer side of the building envelope.  Eben Saleh [5] used adobe as a building material and found that it was a thermal regulating and not a conducting material.

 

A mathematical model to study the thermal response of multilayer building components was developed by Al-Turki and Zaki [6].  The effect of insulation and energy storing layers upon the cooling load was investigated.  Desjarlais and Yarbrough [7] developed a  correlation in an effort to improve the accuracy of the predicted R-values for multi-airspace reflective cavities. Chen and Lin [8] extended the hybrid application of the Laplace transform technique and the finite-element method to transient temperature response of  multilayered composites to include nonlinear radiation boundary conditions.  In the  hybrid method, the time-dependent terms were removed from the problem by the application of the Laplace transform and then the transformed system was solved using the finite element method.  The transformed temperature was inverted numerically to obtain the results in the physical domain.  A noniterative numerical solution for the calculation of the thermal response of wall elements was introduced by Al-Mahdi and Al-Baharna [9].  The method was claimed to offer a potential saving in computation time in comparison to the finite-difference methods. Al-Mujahid and Zedan [10] and Zedan and Mujahid [11] developed applications of the Fourier series technique to inverse Laplace transforms for solving the problem of transient one-dimensional heat conduction in a composite plane wall.  The temperature distribution was obtained in closed form in the s-domain and was transformed back to the time domain using a series formula.

  

The “dynamic” heat-transfer coefficient was used by Ghrab-Marcos [12] to compare the behavior of different wall arrangements.  The dynamic coefficient gave the heat flow across the wall taking into account the thermal capacity and solar gains.  Burch et al. [13] used a finite-difference model to predict the steady-state and dynamic performance of thermal bridges in a typical office building.  A thermal bridge was found to short-circuit the insulation of the building envelope and could increase the overall heat-transfer coefficient by 33%.  Yarbrough and Anderson [14] compared the  solar heat gains for a flat concrete roof deck with and without a radiation control coating under different conditions.  Calculated reductions in cooling loads due to heat from the roof ranged from 60 to 85%. The effect of construction deficiencies on the economic performance of insulated residential wall systems was evaluated by Tewfik [15].  He showed that the presence of thermal bridges and air voids within the insulation layer could drastically degrade the wall thermal resistance.  Mahdavi and Law [16] presented a computer-aided method for the real-time visualization of water vapour diffusion in multi-layered building components.  Ozkan [17] investigated the performance of flat roofs, waterproofing, and thermal insulation materials under hot and dry climatic conditions.  Insulation materials were tested and properties were compared under different aging conditions.



The present study deals with the introduction of a numerical model to evaluate the thermal behavior of building wall sections with application to some typical elements used in the construction of buildings in the Kingdom of Saudi Arabia.  The climatic data used, with regard to the ambient temperature and solar radiation, are pertinent to the city of Riyadh.  The effect of wall orientation is also studied.  The mathematical formulation of the problem is given next followed by a brief description of the numerical solution procedure.  Details of wall structures, properties, and climatic data are then presented followed by the results and conclusions.



Mathematical Formulation



The problem considered is shown schematically in Fig. 1.  The outside layer of the composite wall is exposed to convection heat transfer (qc,o), radiation exchange (qr,o) as well as the solar radiation (Is).  The inside layer is exposed to combined convection and radiation heat transfer (qi) which relates to the heat load required to maintain the indoor design temperature (Tf,i).  The number of layers in the composite depends on the wall structure under consideration.

�

Fig. 1. Schematic showing a typical composite wall structure.



The study is conducted under the following assumptions: (i) no heat generation, (ii) negligible interface resistance, (iii) constant thermal properties, (iv) one-dimensional temperature variation, and (v) constant convection heat-transfer coefficient on the outside surface based on the daily average wind speed.  Accordingly, the equation governing the heat conduction in the composite medium is:



			�EMBED Equation.3���,			                   (1)



where aj is the thermal diffusivity (= k/rc) of a typical layer (j).



Solution of  Eq. (1) requires an initial condition and two boundary conditions to be specified at the inside and outside surfaces.  The initial temperature is taken as uniform and equal to the mean temperature of the outside ambient air (Tf,o,mean).  The boundary conditions are given as follows:



(i) 	Boundary conditions at the inside surface (x = 0):



		�EMBED Equation.3���,			   (2)



where hi is the inside-surface combined heat-transfer coefficient.  Kusuda [18] gives:



			hi = hc,i + hr,i ,				    (3)

for still air, where hc,i  = 3.08 W/m2.K  is the convection coefficient for horizontal direction of heat flow, and   hr,i  =  5.72 e   W/m2.K  is the radiation coefficient for a surface emissivity (e).

  

In moving air, hi = 11.36  W/m2.K.



	Boundary conditions at the outside surface (x = L):



	�EMBED Equation.3��� ,		(4)



where hc,o is the outside-surface convective heat-transfer coefficient.  Ito et al.  [19] obtained hc,o for an actual building as a function of wind speed (v) and direction and whether the subject surface is on the windward or leeward side as:



		hc,o = 18.63  V0.605              in  W/m2.K,		              (5)



	where	�EMBED Equation.3���			(6)



for the windward surface, while



			V = 0.3 + 0.05 v,				         (7)

for the leeward surface.



The outside ambient temperature (Tf.o) appearing in Eq. (4) is obtained for the city of Riyadh from measurements by the Meteorological and Environmental Protection Agency for the year 1993.  The temperature values are averaged for each month using the individual daily values for the month to give a representative day on an hourly basis.  These are fitted by a sinusoidal function over a 24 hour period as:



	�EMBED Equation.3���,			(8)



where Ao is the amplitude, w  is the frequency, and f is the phase shift angle given later.



The solar radiation (Is) is calculated for vertical walls at different orientations based on the ASHRAE [20] clear sky model with the latitude and hour angle pertinent to the city of Riyadh.  The wall absorptivity is taken as  l = 0.4  which corresponds to light-coloured surfaces.  The total solar radiation falling on the vertical wall accounts for the reflected radiation from the ground as well as the direct and diffuse radiation; the ground reflectivity is taken equal to 0.2 as appropriate to crushed rock and concrete foreground surfaces [20].

The radiation exchange is given by:



		�EMBED Equation.3���,			                   (9)



where  e = 0.9  is the surface emissivity appropriate to building materials [20], and  Tsky = Tf,o - 12  is the sky temperature, see for example [21].



Numerical Solution Procedure



The present nonlinear problem is solved by a control volume finite-difference method using the implicit formulation.  The composite wall of  N  layers is discretized into a number of nodes and the finite-volume equations are derived for each group of similar nodes by applying the overall balance of energy.  It is seen from Fig. 2 that there are four types of nodes; namely, (i) boundary node on the inside surface, node number 1, (ii) interior nodes that lie inside the layers, (iii) interface nodes that lie at the interfaces between the layers, and (iv) boundary node on the outside surface, node number  n.

�



Fig. 2. Composite wall of N layers showing grid arrangements.



The resulting finite-volume equations can be represented into a single general form given by:



	�EMBED Equation.3���,		        (10)

where the temperature at a typical node  P, TP,  is linked to the temperatures to the east and west nodal locations, TE and TW, and the previous time-step temperature value,  �EMBED Equation.3���, through appropriate coefficients and source terms given by:



�EMBED Equation.3���

 

�EMBED Equation.3���



		�EMBED Equation.3���.				    (11)



	Table 1 gives a summary of all the coefficient values appropriate to the finite-volume equations and boundary conditions.





Table 1.  Coefficients appropriate to nodal equations and boundary conditions

Type of node�AE�AW�BP�CP�                   DP��Boundary node on the inside surface (T1)��EMBED Equation.3����0�-hi�hi Tf,i��EMBED Equation.3�����A typical interior node (i) in a typical layer (j)��EMBED Equation.3�����EMBED Equation.3����0�0��EMBED Equation.3�����A typical interface node (i) between layers (j) and (j+1)��EMBED Equation.3�����EMBED Equation.3����0�0��EMBED Equation.3�����Boundary node on the outside surface (Tn)�0��EMBED Equation.3����-hc,o�hc,o Tf,o +

lIs + qr,o��EMBED Equation.3�����

The set of the finite-volume equations is solved iteratively by using the Gauss-Seidel method.  The starting (initial) values for all nodal temperatures are the daily mean of the outside ambient temperature (Tf,o,mean).  The iterative solution within each time step continues until the differences between the nodal temperature values at consecutive iterations diminish to a small predetermined tolerance value.  The initial transient effects die out during the first cycle and, in general, substantially steady periodic results are obtained after two cycles.  The accuracy of the solution with regard to convergence and the numerical effect of grid size and time-step size is checked thoroughly; more details are given in the results section.



Wall Structures, Thermal Properties and Climatic Data



The study investigates and compares the thermal performance of four wall structures; namely, W1 to W4 as shown schematically in Figs. 3 to 6.  These structures are amongst the commonly used in Saudi Arabia.  The first wall (W1) represents an uninsulated wall of 200-mm thick heavyweight hollow concrete block (H.W.H.C.B.) with 15-mm thick cement plaster finishing on either side.  The second wall (W2) consists essentially of two layers of hollow clay tile (H.C.T.), 80-mm thick each, with a 40-mm layer of expanded polystyrene (molded) in between, and 15-mm cement plaster on either side.  The third structure (W3), a "sandwich wall", consists of a 150-mm thick H.W.H.C.B. layer on the inside and a 100-mm thick H.W.H.C.B. layer on the outside with a 50-mm expanded polystyrene layer in between, and 15-mm cement plaster on either side.  The fourth wall (W4) is the most complicated which contains within its structure large air spaces and an insulation layer of nonuniform thickness. This structure is modelled by seven layers which are, from the inside surface: cement plaster (15 mm), concrete (25 mm), air space (28 mm), concrete (30 mm), expanded polystyrene (75 mm mean thickness), concrete (42 mm), and cement plaster (15 mm).



�





Fig. 3. Schematic of wall structure W1.



�

Fig. 4. Schematic of wall structure W2.



�



Fig. 5. Schematic of wall structure W3.

�



Fig. 6.  Schematic of wall structure W4.



Table 2 contains the thermal properties of the various materials used; see, for example, Croy and Dougherty [22].  With regard to the heat transfer across the air space, it is known that the transfer process is complex and involves contribution of conduction, convection and radiation heat transfer.  This problem is usually simplified by the use of empirical values for the thermal resistance of air spaces [20].  In the present study, an effective thermal conductivity (keff) is employed with a value given in Table 2 to represent the air space resistance under the present conditions and as appropriate to low surface reflectivity.



Table 2.  Thermal properties

Material�k (W/m.K)�r (kg/m3)�c (J/kg.K)��Heavyweight hollow concrete block

(H.W.H.C.B.) (200 mm)�1.05�1105�879��H.W.H.C.B. (150 mm)�0.96�1362�879��H.W.H.C.B. (100 mm)�0.81�1618�879��Concrete�1.73�2243�920��Hollow clay tile (80 mm)�0.52�1121�879��Expanded polystyrene (molded)�0.036�24�1213��Cement plaster�0.72�1858�837��Air space (28 mm)�keff = 0.187�1.1�1007��

The climatic data used pertain to the city of Riyadh for the year 1993 [23]. The ambient temperature variations for a representative day of a month are fitted by a sinusoidal function as was given earlier by Eq. (8).  The mean temperature, amplitude and phase shift are calculated to be:

		Tf,o,mean = 34.7 oC,	Ao = 7.8 oC	for July,

		Tf,o,mean = 12.3 oC,	Ao = 4.5 oC	for January, and

		f = 0.833 p.

The daily average wind speed is calculated to be 4.1 m/s for July and 2.6 m/s for January.



Results and Discussion



Validation of the numerical model

The numerical results are checked to assure that they are both time-step and grid independent.  The computer model is further validated by application to a simplified problem for which an exact analytical solution can be effected.  An example is a slab of thickness L, with zero initial temperature, subject to a constant inner surface temperature and a sinusoidal change in the outer surface temperature.  The exact solution, given by Carslaw and Jaeger [24], is a rather complicated infinite-series which consists of steady periodic and transient parts.  Some typical results are presented and compared with the current numerical results in Figs. 7 and 8. The results are presented in the form of dimensionless temperature  q = (T - Tmean)/(Tmax - Tmean), dimensionless distance X = x/L, and time for a period of 24 hours.  Figure 7 shows the temperature distribution across the slab at the end of the cycle in the steady periodic solution.  The exact solution is represented by the solid line and the numerical results using four different time step sizes are shown corresponding to: 12, 24, 96 and 384 time steps per cycle (NSTEPC); the spatial discretization corresponds to a uniformly distributed grid of 41 nodal points (NI).





�

Fig. 7. Temperature variation across the slab showing comparison with exact solution and effect of time-step size under steady periodic conditions.

�



Fig. 8. Temperature variation with time showing comparison with exact solution and effect of grid size under steady periodic conditions.





Figure 8 shows the temperature variation at the middle of the slab over a complete cycle; the numerical results are presented for two grid sizes with NSTEPC = 384.  The amplitude of temperature variation is dampened to half its value at the slab surface and a phase shift of just over an hour is calculated at this location.  A grid of 11 nodes is shown to give results that agree perfectly well with those of the 41 nodes.  The agreement between the numerical and exact results is excellent for a grid size greater than about 10 nodes and a time step size that is smaller than about 1/100 of a cycle.  Such a numerical parameter check is carried out whenever a different geometrical configuration is solved, such as when the number of layers and dimensions are changed.  Numerical results are, hence, obtained with an increasing number of nodes and 
decreasing time-step size until
 a stage is reached at which the results show negligible change to further refinement in grid and time step size.





Detailed thermal performance of the wall elements

Emphasis is given on comparing different cases with regard to climatic conditions, wall structures and orientations.  The months of July and January are chosen to represent conditions in summer and winter; wall structures W1 and W4 to contrast a typical uninsulated wall with a wall with thermal insulation and air spaces; and the north, south, east and west wall faces to compare the results for the four main orientations.  The inside air temperature (Tf,i) is kept at a constant value of 25 oC in July and 23 oC in  January.  Due to the diversity of parameters involved, sample results are selected to typically represent the wall thermal performance.



(i)	Temperature variations with wall thickness

Figure 9 displays the temperature distributions across the thickness of wall structure W1 in the representative day for the month of July.  The wall is facing west and the results are shown for different times of day at an interval of three hours.  The left of the figure corresponds to the inside surface and the wall layers are marked by the dotted lines.  The nature of the time dependent process through the structure is due to the variations with time of the various heat transfer components on the outside surface.  Starting at midnight (24 hours), the temperature is high near the middle of the wall and decreases gradually towards both the inner and outer surfaces.  This indicates that part of the energy stored in the structure during daytime is being released to the outside of the structure during the night.  Further drop in temperature level is calculated, across the whole thickness, as time approaches 3 and 6 hours.  At about 6 hours, the temperature reaches its most uniform distribution and is about 1 oC higher than the inside ambient temperature.  Next, the temperature starts to increase at the outside surface and continues so during most of the daytime due to solar radiation and outside ambient temperature increase.  This gives rise to increase in temperature level across the structure as seen by the curves marked with 9, 12 and 15 hours.



Further, it is noted from Fig. 9 that the variations in temperature with time are dampened as one moves towards the inside surface; however, the temperature fluctuation at the inside surface is still large which amounts to about 5 oC.  The temperature distribution at 18 hours is marked by a drop at the outside surface due to decrease in ambient temperature and subsidence of solar flux towards the late afternoon; this is while the temperature elsewhere still increases due to thermal inertia.  The temperature level then drops with time across the whole structure as seen by the curves marked with 21 and 24 hours.  The cycle is now completed and the results would repeat themselves in a steady periodic fashion.  It is interesting to note that the temperature gradients at the inside surface are always positive, signifying heat transfer to the inside ambient air; this should be counterbalanced by part of the cooling load to keep the inside design temperature at the controlled value.  The temperature gradients at the outside surface, on the other hand, are positive during most of the daytime, signifying heat transfer to the wall; while the gradients are negative during most of the nighttime, signifying heat dissipation to the outside ambient air and surroundings.  This has a great advantage since not all of the heat transferred to the wall from outside has to be compensated for by the cooling load.



�



Fig. 9. Temperature variations across the wall thickness at different times for W1 in July facing west.



The results for the month of January led to similar conclusions to above but with opposite temperature gradients and direction of heat flow.  The latter is being dominantly from inside to outside for which a heating load is required to compensate for this loss.



Figure 10 displays the temperature distributions across the thickness of wall W4 for July and for the west face.  When compared to Fig. 9, major differences are observed which are entirely due to differing structures between W4 and W1, see Figs. 6 and 3.  The structure of W4 is more complex, however, its insulation layer has a determinant effect on the temperature distribution across which the bulk of the temperature drop takes place. This wall reduces the temperature at the inside surface to just about 0.5 oC above the room temperature and also reduces the fluctuation at the inside surface to about 0.5 oC.  The inside surface heat transfer rate and load fluctuation would be reduced as will be seen later.  It is also interesting to note the favourable effect of the air space, third layer from left in Fig. 10, but this has been overshadowed by the thermal insulation effect.  The air space should play a more important role in situations when the insulation layer is absent or is thinner than the present one (7.5 cm).

�

Fig. 10. Temperature variations across the wall thickness at different times for W4 in July facing west.



(ii)	Temperature variations with time

Figure 11 displays the variations of temperature with time of day at selected locations for W1 in July and when the wall is facing west.  These are marked by (1) to (6) and correspond, respectively, to the room, inside wall surface, all interfaces, outside surface, and outside ambient temperatures. The calculations reveal periodic variations of temperature throughout the day; the effect of direct solar radiation is felt by a relatively sharp increase in temperature at about 12 hours (curves 4 and 5). The maximum temperature reached by the outside surface is calculated at about 16:30 (a few minutes after the ambient temperature and solar flux on the west facing wall reach their maximum values). The inside surface temperature (curve 2) shows a minimum difference with the room temperature at about 8:30 and a maximum difference at about 19:30.  These times correspond to the minimum and maximum heat loads.  The time lag between the maximum temperature attained by the outside surface and the maximum temperature reached on the inside surface (curves 5 and 2) is calculated to be about three hours.  The differences in temperature between curves 2 and 3, and curves 4 and 5 are relatively small due to the small thermal resistance across the plastering layers.

�

Fig. 11. Temperature variations with time at different locations for W1 in July facing west; (1) room, (6) outside ambient, and (2) to (5) for interface temperatures (cf. Fig. 3).



The corresponding results for W4 are displayed in Fig. 12.  The curves are designated as follows: (1) and (10) for the inside and outside ambient temperatures; (2) and (9) for the inside and outside surfaces of the wall assembly; and (3) to (8) for the  interfaces between the layers, see Fig. 6.  It is noted that the variations in temperature with time at the locations on the inside of the insulation layer are very small (curves 2 to 6); those locations on the outside (curves 7 to 9) show marked fluctuations.  The inside surface temperature shows a minimum difference with the room temperature at about 11:00 and a maximum difference at about 22:00.  These times correspond to the minimum and maximum heat loads.  The time lag between the maximum temperature attained by the outside surface and the maximum temperature reached on the inside surface is calculated to be about 5.5 hours which is nearly twice the time lag for W1.

��

Fig. 12. Temperature variations with time at different locations for W4 in July facing west; (1) room,  (10) outside ambient, and (2) to (9) for interface temperatures (cf. Fig. 6).



(iii)	Comparisons between all wall elements

The inside surface temperature variations with time for W1 to W4 are compared in Fig. 13 for a west facing wall in July.  It is clearly seen that structure W1 gives a relatively large temperature fluctuation (about 5oC) and a large mean value (about 3.5oC) above the room temperature.  This behavior is typical of an uninsulated wall which would demand larger instantaneous (peak) and mean heat loads, as will be seen later.  Significant improvement in thermal behavior is achieved with the use of structures W2, W3 and W4.  The inside surface temperature fluctuation over the whole day is now reduced to within 1oC; the mean temperature value is only about 0.5oC above the room temperature.  


�
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Fig. 13. Inside-surface temperature variations with time for all walls in July facing west.

	

It is also noted that W4 gives the best performance compared to W2 and W3 with regard to the mean temperature value.  This is clearly seen in terms of the inside surface heat-transfer-rate variations with time presented in Fig. 14 (the results for W1 are removed for clarity).  These instantaneous heat transfer rates indicate the minimum and maximum (peak) heat loads in both time of appearance and magnitude (in Watt per square meter of particular wall structure facing west).  Starting with W4, the minimum load is calculated to be 2 W/m2 at 11 hours and the peak load is 6 W/m2 at 22 hours.  Wall W2, on the other hand, gives a peak load of more than 10 W/m2 at about the same time of 22 hours.  Structure W3 gives a minimum load of 3.5 W/m2 at 14 hours and a maximum load of 6.7 W/m2 at 01:00 hours.  Structure W3, therefore, further differs from W4 and W2 by a longer time lag which amounts to about three hours.  This is due to the fact that W3 has the largest thermal capacitance which, indeed, has given the longest time lag and the smallest temperature fluctuation.  Its thermal insulation rating, however, has come second to W4 mainly due to its smaller insulation layer thickness (5 cm compared to 7.5 cm).  The results for W1, not shown, correspond to a massive peak load of about 48 W/m2 at approximately 19:30 hours.

�

Fig. 14. Inside-surface heat flux variations with time for W2, W3 and W4 in July facing west.



(iv)	Effects of wall orientations

The effects of wall orientations, using the four directions (N, S, E and W), on the thermal characteristics are presented using wall structure W4.  The results in terms of the daily variation of the inside surface heat transfer rate are shown in Fig. 15 for July.  It is seen that the maximum heat transfer rates for all orientations are different but take place at about the same time (22 hours).  However, the minimum rate for the east face takes place at more than two hours ahead of the other faces.  The differences between the north and south faces are only marginal; those between the east and west faces are significant with respect to their instantaneous values.  The east face gives smaller heat load fluctuation as compared to the west face; however, their daily averaged values are practically equal as will be seen later.  The order of orientation for wall W4, in terms of the best thermal performance in July, would be rated as: south, north, east and then west.  The peak heat load for the west face is about 28% greater than the value for the south face and 16% greater than the value for the east face and occurs at about 22 hours.




�
�
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Fig. 15. Inside-surface heat flux variations with time for W4 at all orientations in July.



The corresponding results for the month of January are presented in Fig. 16.  Here, the effect of orientation is even more pronounced and the differences between the four faces are larger with regard to the daily fluctuations and times of occurrence of the minimum and maximum heat transfer rates.  This is particularly true for the north and south faces since they receive substantially different rates of solar radiation in January.  Under the climatic conditions of the city of Riyadh, the order of orientation for wall W4, in terms of the best thermal performance in January, would be rated as: south, east, west and then north.  The peak heat load for the north face is 13% greater than the value for the south face and occurs at about 11 hours.




�
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Fig. 16.  Inside-surface heat flux variations with time for W4 at all orientations in January.





Overall thermal performance of the wall elements

The overall performance deals with the average and total thermal values over a 24 hour period.  The daily total heat loads (in mega Joule per square meter) are presented in Fig. 17 for the walls facing west in July and those facing north in January.  Considering the load for W1 as a reference value for comparison, the other walls, W2, W3 and W4 give, respectively: 25%, 21%, and 16% of the reference load.  It is interesting to note that the load required in January, for each wall, is greater than the corresponding one in July.  This is mainly due to the fact that the month of January for the year 1993 was an exceptionally cold month in Riyadh compared to other years.  Also, the north facing wall in January has the lowest thermal performance rating since it is not exposed to direct solar radiation.







�



Fig. 17. Daily total heat-transfer loads per square meter for all walls in July facing west and January facing north.



Figure 18 presents the loads for W4 only but for all orientations in July and January.  Taking the highest daily total load as a reference value for comparison, the south wall gives 84% and the north wall gives 87% of the load required by either the west or east wall in July. In January, the south wall gives 64% and both the east and west walls are equal and give 86% of the highest load required by the north facing wall.  The daily total loads for the east and west facing walls are equal since these orientations receive the same amount of daily total solar irradiation. However, the instantaneous loads and amplitudes of fluctuation are different, as seen earlier in Figs. 15 and 16.



The effective thermal resistances (Re-values) are presented in Fig. 19 for all walls and orientations in July and January.  The Re-value is calculated from the difference between the outside and inside ambient temperatures divided by the instantaneous inside- surface heat flux both integrated over the whole day.  Hence, the Re-values contain the dynamic effects of energy storage, solar insolation, wall orientation, season and outside surface radiation exchange as well as the fixed parameter effects.  The fixed parameters are the thicknesses and conductivities of the layers and the surface convective coefficients used to calculate the nominal thermal resistances (Rn-values). The Rn-value of a given wall would always be constant regardless of the wall orientation, wall thermal capacitance, climatic conditions, season and indeed when the various layers in the structure are relocated differently.  The Rn-values are presented next.

�

Fig. 18. Daily total heat-transfer loads per square meter for W4 at all orientations in July and January.

�

Fig. 19. Effective thermal resistance values for all walls and orientations in July and January.

A simple example can be made by supposing that a wall section should be built to a certain specification that its Re-value should not fall below 2 m2.K/W.  Then by reference to Fig. 19, the following findings are extracted: both walls 1 and 2 fail to meet the standard imposed; wall 4 meets the specification by a good margin for all orientations but just so for the north face in January; and Wall 3 may just be acceptable on an average basis of all orientations.  In July, the east and west faces yield the least Re-values; while in January, the north face yields the least Re-value.  The south facing wall gives the highest value under all conditions.  In general, and for all walls, the Re-values in July are higher than the values in January, for all orientations, with the south orientation being an exception and the north giving the largest difference. From a practical point of view it is important to consider different wall structures and insulation thicknesses for different orientations.  It is to be recalled that W2 has an insulation layer thickness of 4 cm compared to 5 cm and 7.5 cm for W3 and W4, respectively.  Had this example been based on the Rn-values, the findings would have become less accurate and not so informative and conclusive.



The daily averaged and total thermal values are summarized in Table 3 for all walls, orientations, and for the months of July and January.  Column one in the table gives an identification code number of six characters; the first two characters signify the wall structure, the next three signify the month, and the last for the orientation.  The second and third columns give the nominal (Rn) and effective (Re) resistances averaged over the day.  Columns four to seven give the daily total quantities of heat transfer per square meter of structure: Qi for the inside surface heat load (+ve for transfer from wall to inside ambient); Qc,o for the outside surface heat convection (+ve for transfer from outside ambient to wall); Qs for the solar radiation absorbed (absorptivity = 0.4); and Qr,o for the radiation exchange with the outside surroundings (-ve for net loss to outside). 



The table shows that there could be significant differences between the Re and Rn values for any given wall, month and orientation.  This is particularly true for the north and south orientations, and to a lesser extent for the east and west orientations,  and is attributed mainly to the differences in the amount of absorbed solar radiation.  In July, Re is always greater than Rn where Qi is positive; in January, Re is smaller than Rn where Qi is negative except for the south facing wall which receives the highest Qs.  It is to be noted that Qc,o + Qs + Qr,o (the sum of heat transfer rates at the outside surface integrated over the whole day) must equal Qi to satisfy the overall energy conservation law under steady periodic conditions.  It is also interesting to note that while the solar radiation contributes adversely to the inside surface heat load in July and favourably in January, the radiation exchange acts in exactly the opposite manner.  The contribution of the convection component at the outside surface shows a more complicated pattern; however, it has in general an adverse effect on the cooling or heating load except for the wall orientations that receive smaller solar radiations.  The latter is particularly true for the north facing wall in January which receives less than 1/8 th of the solar radiation received by the south face, see column 6 in Table 3.

Table 3.  Summary of daily averaged and total thermal values

(1)�(2)�(3)�(4)�(5)�(6)�(7)��Code number�Rn�Re�Qi�Qc,o�Qs�Qr,o���(m2.K/W)�(m2.K/W)�(MJ/m2.day)�(MJ/m2.day)�(MJ/m2.day)�(MJ/m2.day)��W1JULN�0.395�0.455�1.843�3.526�3.026�-4.709��W1JULS�0.395�0.473�1.771�4.007�2.325�-4.561��W1JULE�0.395�0.395�2.121�1.655�5.752�-5.286��W1JULW�0.395�0.396�2.115�1.692�5.752�-5.329��W1JANN�0.407�0.339�-2.733�0.591�1.088�-4.412��W1JANS�0.407�0.527�-1.752�-4.373�8.778�-6.157��W1JANE�0.407�0.396�-2.341�-1.389�4.131�-5.084��W1JANW�0.407�0.395�-2.344�-1.374�4.131�-5.102��W2JULN�1.623�1.873�0.448�2.470�3.026�-5.049��W2JULS�1.623�1.949�0.430�2.992�2.325�-4.887��W2JULE�1.623�1.628�0.515�0.441�5.752�-5.678��W2JULW�1.623�1.633�0.513�0.491�5.752�-5.730��W2JANN�1.636�1.362�-0.680�2.141�1.088�-3.909��W2JANS�1.636�2.123�-0.436�-3.373�8.778�-5.840��W2JANE�1.636�1.590�-0.582�-0.0636�4.131�-4.650��W2JANW�1.636�1.588�-0.583�-0.0421�4.131�-4.673��W3JULN�1.873�2.160�0.388�2.415�3.026�-5.053��W3JULS�1.873�2.247�0.373�2.939�2.325�-4.891��W3JULE�1.873�1.877�0.447�0.379�5.752�-5.685��W3JULW�1.873�1.882�0.445�0.421�5.752�-5.728��W3JANN�1.886�1.571�-0.590�2.206�1.088�-3.883��W3JANS�1.886�2.452�-0.378�-3.348�8.778�-5.807��W3JANE�1.886�1.834�-0.505�-0.0115�4.131�-4.625��W3JANW�1.886�1.831�-0.506�0.0055�4.131�-4.643��W4JULN�2.493�2.878�0.291�2.352�3.026�-5.086��W4JULS�2.493�2.994�0.280�2.878�2.325�-4.924��W4JULE�2.493�2.502�0.335�0.304�5.752�-5.721��W4JULW�2.493�2.508�0.334�0.356�5.752�-5.774��W4JANN�2.506�2.087�-0.444�2.319�1.088�-3.851��W4JANS�2.506�3.255�-0.285�-3.260�8.778�-5.802��W4JANE�2.506�2.437�-0.380�0.0869�4.131�-4.599��W4JANW�2.506�2.434�-0.381�0.1093�4.131�-4.622��

Conclusions



The thermal characteristics of four typical wall elements used in the construction of buildings in the Kingdom of Saudi Arabia were evaluated and compared by employing the finite-volume method with an implicit formulation. The required temperature distributions, under steady periodic conditions, were determined iteratively due to nonlinearities in the boundary conditions. The numerical model was validated by comparing results with an exact analytical solution available for a simplified problem; the agreement was excellent. The results of model application to the wall elements showed that the use of insulation had a significant effect on the detailed thermal characteristics; the insulation thickness was the determinant factor that affected the heat load.  The four commercial wall elements studied; namely, W1, W2, W3 and W4 had the following insulation thicknesses, respectively: 0 (uninsulated), 40, 50 and 75 mm.  Accordingly, this was simply reflected on the rating order of their insulation effectiveness.  However, the present study had produced both qualitative and quantitative assessments and calculated the daily variations of the heat loads per square meter of wall.

  

The peak loads calculated in July and when the walls were facing west were: 48, 10.2, 6.7 and 6 W/m2 at 19:30, 22:00, 01:00 and 22:00 hours for W1 to W4, respectively.  Structure W3 has given the largest time lag and the smallest temperature fluctuation due to its largest thermal capacitance; its thermal insulation rating has, however, come second to W4.  On an averaged daily basis, W2, W3 and W4 required 25%, 21% and 16% of the mean load required by W1 to maintain the controlled design room temperature under the conditions undertaken in the present study. 

 

With regard to the effect of wall orientation, the peak load for the west facing wall was about 28% and 16% greater than the south and east faces, respectively, and occurred at about 22 hours for W4 in July; the west face gave larger load fluctuation compared to the east face.  In January, the peak load for the north face was 13% greater than the south face and occurred at about 11 hours.  In January and on an averaged daily basis, the load required for the north face was about 20% higher than the average for all four faces; whereas the load required for the south face was about 25% lower than the average for all faces.  In July, the load required for the east or west face was about 8% greater than the average load for all four faces.  Under the climatic conditions of the city of Riyadh, the order of orientation for W4, in terms of the best thermal performance in July, was rated as: south, north, east and then west; and in January as: south, east, west and then north. 

 	

Finally, the wall sections were evaluated and compared based on their effective R-values (Re) which accounted for the nominal resistances (Rn) as well as the dynamic effects of the heat transfer process, wall orientation, season, climatic conditions and radiation exchange.  The effective R-values (Re) are judged to be more accurate and realistic than the nominal R-values (Rn) since they give the actual heat transfer rate through the wall elements and truly represent the dynamic thermal behaviour of the structure.
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تقويم خصائص انتقال الحرارة في وحدات جدران المباني



سامي بن علي الصانع

قسم الهندسة الميكانيكية، كلية الهندسة، جامعة الملك سعود، ص. ب 800،

الرياض 11421، المملكة العربية السعودية



 (استلم في 5/10/1998؛ وقبل للنشر في 2/6/1999م) 



ملخص البحث. يتعلق هذا البحث بمقارنة الأداء الحراري لوحدات جدران مختلفة تستخدم في تشييد المباني في المملكة العربية السعودية وتقويمها. أجريت الدراسة تحت ظروف زمنية دورية وتحت الظروف الجوية لمدينة الرياض. كما استخدم لحساب التغير الزمني وغير الخطي لانتقال الحرارة، عبر طبقات مركبة، أنموذج عددي مبني على طريقة الحجم المحدود والصياغة الضمنية. وتم التحقق من صحة الأنموذج العددي بمقارنة النتائج مع حلول تحليلية تامة. وتم إيجاد الخصائص التفصيلية والإجمالية لانتقال الحرارة لأربعة من تركيبات الجدران التجارية خلال أيام ممثلة لشهري يوليو ويناير. وأخذ في الاعتبار، أيضاً، تأثير واجهات الجدران من حيث كونها شمالية أو جنوبية أو شرقية أو غربية، على الأداء الحراري . وقد تم حساب المقاومة الحرارية الكلية تحت ظروف ديناميكية تشمل ضمنياً تأثير تخزين الطاقة في الجدار، أشعة الشمس، واجهة الجدار والتبادل الإشعاعي إلى جانب المقاومات الحرارية المعتادة. 
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