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Thermal Performance of Hordi Roofs in a Hot-dry Climate
Sami A. Al-Sanea 
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Abstract.  A numerical model based on a two-dimensional finite-volume implicit procedure is utilized for the determination of the thermal performance of Hordi (rib-slab) roofs used in the construction of buildings in Saudi Arabia.  The roofs are subjected to periodic change in ambient temperature, solar radiation and nonlinear radiation exchange on the outside surface and to a constant indoor-air-temperature on the inside surface.  The investigation is carried out under the climatic conditions of Riyadh for a representative day for July.  The daily heat transmission load and dynamic R-value, averaged over a 24-hour period, are compared by using different materials for the Hordi units for the cases without and with an insulation layer.  The results show that using insulation materials for the Hordi units, instead of the commonly used building materials, reduces the roof heat transmission load by about 25%.  However, the ribs of the reinforced concrete slab act as thermal bridges which significantly reduce the R-value.  It is concluded that using low thermal conductivity Hordi units is advantageous but does not, generally, produce sufficient thermal resistance for the uninsulated roofs.  It is recommended that the ends of the ribs should be insulated.

Keywords: Hordi roofs, heat transmission load, R-value, thermal insulation.

Nomenclature

c
specific heat capacity (J/kg.K)

h
heat transfer coefficient (W/m2.K)

Is
solar radiation flux (W/m2)

k
thermal conductivity (W/m.K)

L
roof thickness (m)

Q
daily total heat transmission (MJ/m2.day)

q
heat flux (W/m2)

R
dynamic thermal resistance (m2.K/W)

T
temperature (oC or K)

t

time (s)
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W
width of symmetric section in roof (m)

x
coordinate along roof thickness (m)

y
coordinate along roof width (m)

Greek Letters



solar absorptivity of roof outside surface


density (kg/m3)

Subscripts

abs
absorbed

c
convection

f
fluid (ambient)

i
inside

N
inner roof layer 

o
outside

r
radiation

s
solar

st
stored

1
outer roof layer.

Introduction

Energy conservation in buildings is of vital importance since a large percentage of the overall electric energy consumption is due to the heating and cooling loads of buildings.  A large part of these loads is due to heat transmission through the outer building elements.  To make buildings more energy efficient, insulation and special types of building materials are used.  The element of a building envelope most exposed to the climatic conditions is the roof.  Therefore, thermal insulation of roofs is an effective energy conservation measure in buildings and is particularly important in extreme climates.  It is also necessary to evaluate accurately the transmission load through roofs under dynamic situations for different geometrical configurations, insulation types and climatic conditions.


Hordi (rib-slab) roofs are among the commonly used types of building roofs in Saudi Arabia.  The thickness of the reinforced concrete slab in the Hordi-type roof is reduced from that used in the conventional solid-slab roof.  The loss in strength is compensated for by having ribs in the reduced concrete slab.  The benefit gained by reducing the volume and weight of the reinforced concrete slab is combined with the use of hollow blocks (Hordi units) of building materials in the spaces between the ribs to further reduce the transmission of heat and sound. Recently, some Hordi units are manufactured from insulation materials which are even much lighter and more resistant to heat flow.  Despite the significant increase in the use of Hordi roofs in Saudi Arabia, there is an obvious lack in the literature of detailed and systematic studies regarding their thermal performance.

Building-element thermal analysis can be used to advantage in order to compare and test the effect of detailed design and material changes for different elements on their thermal performance.  The problem can thus be reduced to solving the Fourier heat-conduction equation in composite building elements subject to time-dependent boundary conditions.  Ozisik [1] described various analytical methods for solution of one-dimensional problems such as separation of variables, orthogonal expansion technique, Green's function, Laplace transform and integral methods.  Using the concept of sol-air temperature, Threlkeld [2] studied the heat transfer through walls and roofs based on periodic solution of the heat conduction equation.  This latter analysis was used by Kaushika et al. [3] to investigate the solar thermal gain of a honeycomb roof-cover as a means for passive solar space heating and energy conservation.  The same method of analysis was used by Bansal et al. [4] to study the effect of external surface color on the thermal behavior of a building.

Yarbrough and Anderson [5] compared the solar heat gains for a flat concrete roof deck with and without radiation control coating.  Reductions in cooling loads ranging from 60% to 85% were calculated.  Ozkan [6] investigated the performance of flat roofs, waterproofing, and insulations under hot and dry climatic conditions.  Insulation materials were tested and properties were compared under different aging conditions.  Under the climatic conditions of Greece, Eumorfopoulou and Aravantinos [7] studied the thermal behavior of planted roofs and compared it with a bare roof.  It was concluded that planted roofs contributed to the thermal resistance of buildings, but that was not enough to replace the thermal insulation layer.  Dynamic evaluations of thermal bridges were carried out by Mao and Johannesson [8] using a frequency response method and Burch et al. [9] by using the finite-difference method who found a thermal bridge to short-circuit the insulation and could increase the overall transmittance by 33%. 

Using the finite-volume implicit procedure and for the climatic data of Riyadh, Al-Sanea [10] compared the thermal performance of different roofs.  The study was conducted for one-dimensional laminated roof structures under steady periodic conditions.  The same procedure was extended by Al-Sanea [11] for calculating the steady periodic temperature variation in two-dimensional composite building roofs.  Hordi-type roofs are examples of non-laminated structures that give rise to two-dimensional temperature variations.


The present study utilizes the numerical model which has been previously developed and validated in [11] to determine the thermal performance of Hordi roofs using the climatic data of Riyadh for a representative day for July.  The heat transfer characteristics of roofs using different materials for the Hordi units are compared for the cases without and with an insulation layer.  The effect of changing the rib thickness of the reinforced concrete slab is also studied.  The mathematical description of the problem and solution procedure are outlined next.  Roof structure and material properties are then presented followed by the results and conclusions.

Mathematical Description and Solution Procedure

The salient features of the mathematical model are presented here for completeness; more details are described by Al-Sanea [11].  Figure 1(a) displays a schematic diagram of a front-view section in a typical roof showing Hordi units and a symmetric region of interest.  The latter region, which comprises the calculation domain, is shown enlarged in Fig. 1(b) where a symmetry plane passes through the middle of a Hordi unit and another symmetry plane passes through the middle of a consecutive reinforced concrete rib.  The x-direction is aligned across the roof thickness with x = 0 corresponding to the outside surface.  It is clear that apart from the Hordi units, the roof is essentially a one-dimensional laminated structure.
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The outside surface of the roof is exposed to steady periodic variations in solar radiation (Is), convection heat transfer (qc,o) and nonlinear long wave radiation exchange with the sky (qr,o).  The inside-surface combined convection and radiation heat transfer (qi) relates directly to the air-conditioning load required to maintain a constant indoor design air temperature (Tf,i).  The mathematical model is formulated using the following assumptions.

1.
The end effects are neglected, hence a two-dimensional time-dependent problem is assumed with temperature variation in the x-y plane, see Fig. 1(b).

2.
Constant thermal properties.

3.
Perfect thermal contact between layers.

4. 
Constant convection heat-transfer coefficient based on a daily average wind               speed.

Based on the above assumptions, the equation governing the heat flow in the composite structure is reduced to Poisson equation, namely:
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where the subscript  j  refers to the layer (i.e.  j = 1, 2 …N).


Solution of Eq. (1) requires an initial condition and boundary conditions to be specified at all boundaries.
For the initial condition, it is assumed that the roof is at a uniform temperature Ti = Tf,o,mean , where Tf,o,mean is the daily mean of the outside ambient temperature.  Of course, any other value can be used since the steady periodic solution is independent of the initial temperature distribution.  The boundary conditions are given as follows.

(i)
Inside surface (x = L):
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where kN is the thermal conductivity of the inner roof layer and hi is the inside-surface combined heat-transfer coefficient.

(ii)
Outside surface (x = 0):
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where k1 is the thermal conductivity of the outer roof layer, hc,o is the outside-surface convection coefficient, Tf,o is the outside ambient-air temperature, and  is the solar absorptivity of the surface.  Expressions for hc,o, Tf,o, , Is and qr,o as well as hi are given in [11].

(iii)
Planes of symmetry (y = 0 and y = W):
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The present nonlinear problem is solved by an iterative finite-volume implicit procedure.  The roof section, see Fig. 1(b), is discretized into a number of nodes and the finite volume equations are derived by integrating the governing differential equation, Eq. (1), over these nodes and simultaneously averaging over a finite increment of time.  The resulting finite-volume equations are represented by the general form:
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        (5)

where the temperature at a typical node P is linked to the temperatures at the neighboring nodes (N, S, E and W) and to its value at the previous time step, TPold, through coefficients given by:
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The expressions for the finite-volume coefficients as well as the details of the numerical procedure are given [11].  

The numerical solution gives the two-dimensional temperature distribution in the composite roof including the temperature along the inside surface (x = L) at every iteration.  The iteration process continues until a converged solution is obtained at any time step.  The method then proceeds to the next time step and this is repeated until the desired length of time is covered.  In order to achieve steady periodic state, the initial transient effects must be eliminated and hence the calculations are carried through a number of periods (the duration of each period is one day) until the solution repeats itself periodically with time.  The number of periods required to be covered depends upon the initial temperature distribution and the thermal capacitance of the roof.  For the present problem, significant reduction of the initial transient effects is achieved during the first two periods; however, to eliminate these effects completely, more than 10 periods is usually needed. 

The selection of the time step is based on numerical accuracy considerations, i.e. the results should be checked to be time step independent.  Therefore, each period (24 hours) is executed with a sufficient number of time steps.  For the present problem, 96 time steps per period (giving a time step size of 15 minutes) were found to give sufficient time step independent results.  Also, a finite-volume grid size of 43 × 20, in the x- and y-directions respectively, was found to give substantial grid independent results [11].

Convergence of the numerical results is scrutinized by monitoring both the residual errors in the finite volume equations and temperatures produced at successive iterations at every time step.  Convergence is normally achieved by the monotonic reduction of the normalized errors to a small tolerance value and with a corresponding negligible change in temperatures with iterations.  The accuracy of the numerical model was checked by comparison with analytic solutions [11].

At the end of every time step in the steady periodic solution, the instantaneous heat transmission load from the roof to the inside space (qi) is calculated by integrating Eq. (2) over 0 ( y ( W.  The instantaneous heat transfer rate components on the outside surface of the roof are obtained similarly from Eq. (3).  The daily total transmission load as well as other heat transfer components are calculated by integrating the instantaneous rates over a 24-hour period.  

Roof Structure and Material Properties

Hordi units are traditionally manufactured as hollow blocks of building materials and, recently, some Hordi units are also manufactured from insulation materials.  They are used in roofs to reduce the transmission of heat and sound as well as to reduce the roof total weight.  A typical roof structure and dimensions of the various layers were shown earlier in Figs. 1(a) and (b).

  In the present study, 12 cases are considered which are divided into two types; namely, A and B.  Type A represents a Hordi roof without an insulation layer but with a 75-mm-thick layer of lightweight concrete; six different Hordi unit materials (A1 to A6) are investigated as summarized in Table 1.  Type B represents a Hordi roof insulated with a 75-mm-thick layer of polystyrene, instead of the lightweight concrete layer; six different Hordi unit materials (B1 to B6) are investigated, see Table 1.  The properties of the materials used are obtained mainly from [12,13] and listed in Table 2.  It is emphasized that building material properties vary according to composition and density.  The air space is modeled by an effective thermal conductivity (keff) calculated from an empirical resistance of 0.16 m2.K/W [12].  The air space resistance is a function of space thickness, direction of heat flow, surface emissivity and temperature of the enclosing surfaces.

Table 1. Roof type and Hordi unit material

	Roof
	Hordi unit material

	A1, B1
	Polyurethane

	A2, B2
	Polystyrene

	A3, B3
	Perlite

	A4, B4
	Siporex

	A5, B5
	Fire clay

	A6, B6
	Concrete


Table 2. Material properties

	Material
	k

(W/m.K)
	

(kg/m3)
	c

(J/kg.K)

	Tiles
	1.06
	1500
	840

	Mortar bed
	0.72
	1865
	840

	Sand
	0.33
	1515
	800

	Membrane
	0.19
	1121
	1675

	Light weight concrete
	0.07
	350
	840

	Reinforced concrete
	1.73
	2400
	840

	Hordi unit:
	
	
	

	        Polyurethane
	0.024
	35
	1590

	        Polystyrene
	0.032
	30
	1215

	        Perlite
	0.09
	420
	840

	        Siporex
	0.14
	450
	880

	        Fire clay
	1.00
	2645
	960

	        Concrete
	1.28
	2100
	840

	Air space
	0.97 (keff)
	1.1
	1007

	Cement plaster
	0.72
	1865
	840


Results and Discussion

The heat transfer characteristics are calculated by using the climatic data of Riyadh for a representative day for July for the year 1996 [14] with the solar absorptivity  = 0.4 (appropriate for light-colored surfaces) and an indoor air temperature Tf,i = 25 oC.  The inside and outside surface heat-transfer coefficients are: hi = 6.1 W/m2.K and hc,o = 16.1 W/m2.K, respectively.  The following results are presented under steady periodic conditions and are both grid and time step independent.  The numerical model was validated against analytic solutions in previous studies [11, 15]. 
Temperature contours
Temperature contours with a constant interval of 0.5 oC are displayed for roof A1 (polyurethane Hordi) in Figs. 2(a) and (b) at 6:00 and 18:00 hours, respectively.  It is noted that the temperature distribution in the laminated region of the roof resembles one-dimensional variation; whereas, larger temperature gradients are observed across the Hordi unit compared to the rib of the reinforced concrete slab.  Consequently, lateral heat flow takes place resulting in an appreciable temperature variation along the inside surface of the roof.  Figure 2(a) shows a relatively high temperature near the middle of the roof; therefore, heat is transferred from this region to the inside surface as well as to the outside surface.  The latter transfer is favorable since part of the heat transmitted to the roof during daytime is stored and then dissipated to the outside during night time.  This reduces the heat transmission to the inside space and, hence, reduces the air-conditioning load.  Figure 2(b) shows that the layers near the outside surface have undergone substantial temperature increase due to solar radiation as well as the increase in ambient temperature during daytime.  It is noted that there exist high temperature gradients across the lightweight concrete layer (0.099 m ( x ( 0.174 m) due to its relatively low thermal conductivity (see Table 2).
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The corresponding temperature contours for roof A6 (concrete Hordi) are presented in Figs. 3(a) and (b).  For this roof, the two-dimensional effects become less significant as the difference between the thermal resistances of the Hordi unit and the rib decreases.  The contours are now closer to straight lines indicating approximately a one-dimensional temperature distribution.  Also, the temperature level is generally lower than those in Figs. 2(a) and (b) except on the inside surface which allows higher rate of heat trans-mission to the inside space.
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Temperature contours for roofs B, not presented, give similar trends of variations to those for roofs A but with a temperature level that is lower everywhere except near the outside surface.  This is due to higher temperature gradients across the polystyrene layer (0.099 m ( x ( 0.174 m) which offers a higher resistance to heat flow to the inside and, hence, causes the temperature to increase on the outside.

Temperature variations across the roof thickness
Temperature profiles across the thickness of roofs A1 and A6, at different times with an interval of three hours, are displayed in Figs. 4(a) and (b), respectively.  The profiles are along the symmetry plane at y = 0, see Fig. 1(b).  It is noted that the temperature fluctuation is damped quite significantly through the outer layers of the roof and particularly across the lightweight concrete layer (0.099 m ( x ( 0.174 m).  The discontinuity in temperature gradients is due to sharp changes in thermal conductivity across the interfaces between the layers.
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The effect of using different Hordi materials is noticeable with regard to level, distribution and fluctuation of temperature across the region (0.244 m ( x ( 0.494 m).  The results for roof A6 show that there is almost no discontinuity in temperature slope for x > 0.2 m; also, the inside surface temperature is about 1 oC higher than that for roof A1.


Corresponding profiles for roofs B, not presented, give further reduction in both temperature level and fluctuation for x > 0.174 m.  For x ( 0.174 m, roofs B give a slight increase in temperature level compared to roofs A; otherwise, the trend of temperature variations is similar.

Temperature variations along the roof inside surface
Temperature variations along the roof inside surface at 6:00 and 18:00 hours are presented in Fig. 5 for roofs A1 and A6.  The locations y = 0 and y = 0.25 m correspond to the symmetry planes at which the temperature gradient is zero.  The temperature is the lowest at y = 0 and increases with y.  Under the center of the Hordi unit (y = 0), the temperature is calculated below 25.5 oC for roof A1 and increases to about 27 oC under the rib center (y = 0.25 m).  Therefore, the temperature differential with reference to the indoor air temperature (Tf,i = 25 oC) is about 0.5 oC for the former region and 2 oC for the latter region.  Accordingly, the heat flux to the inside space would be about four times higher below the rib compared to the heat flux below the center of the Hordi unit.  Thus, the rib acts as a thermal bridge.  The results for roof A6 show that the variation in temperature closely resembles a uniform distribution in the y-direction as seen earlier in Fig. 3.  However, the average temperature on the inside surface is relatively higher for A6 compared to A1 and, hence, this would give a higher transmission load as will be seen later.
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The corresponding temperature profiles for roofs B1 and B6 are presented in Fig. 6 and show similar trends to roofs A1 and A6, respectively.  However, the effect of the polystyrene layer in roofs B is clear which gives lower temperature level, smaller temperature variation along the inside surface and, also, smaller fluctuation compared to corresponding roofs of type A.  These features are advantageous and are a direct consequence of using a more effective insulation layer.
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Temperature variations with time
Temperature variations with time at selected locations on y = 0 are presented in Figs. 7(a) and (b) for roofs A1 and A6, respectively.  The curves designate locations as follows: (1) outside ambient temperature, (2) outside surface, (3) upper surface of the Hordi unit, (4) lower surface of the Hordi unit, (5) inside surface, and (6) indoor air temperature.  The dashed curves, (2) and (5), contrast the highest and lowest temperature fluctuations that exist at the roof outside and inside surfaces, respectively. The difference in temperature between curves (3) and (4) is large due to the large resistance of the polyurethane Hordi unit used in A1.  This difference is comparatively smaller across the concrete Hordi used in A6.  The inside surface temperature (curve 5) is closer to the indoor air temperature for A1 compared to that for A6.  The heat transmission for A1 will, therefore, be smaller as will be seen later.
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Heat-transfer rate variations with time
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The heat-transfer rate components on the outside surface; namely, absorbed solar flux (qs,abs), radiation exchange flux (qr,o) and convective flux (qc,o), and the sum of these components (qo) are presented versus time for roof A1 in Fig. 8.  The inside-surface heat flux (qi) and the rate of heat storage for the whole roof (qst) are also shown for comparison.  From energy balance, qo = qs,abs + qr,o + qc,o  and qst = qo - qi .  It is noted that qs,abs is the dominant source of heat input to the roof with a maximum of 400 W/m2 at 12:00 hours.  On the other hand, qr,o is negative throughout and hence signifies heat loss which is favorable in summer.  The variation of qc,o with time shows a more complicated behavior; during daytime, there is a substantial convective heat loss, while during night time there is a relatively small convective heat gain.  With regard to qo, there is a net heat loss during the late afternoon and night; at other times, there is a net gain attributed to solar radiation.  The variation of qst with time shows a similar trend to that of qo.  Positive values signify heat storage, while negative values signify heat dissipation.

The inside-surface heat flux (qi) is relatively much smaller compared to the other components and is the most important since it gives the instantaneous heat transmission to the inside space.  Therefore, qi variations with time are shown on a different scale and compared in Figs. 9(a) and (b) for all roofs.  The results show that the maximum load takes place between 4:00 and 6:00 hours and the minimum load between 16:00 and 18:00 hours.  Moreover, by comparing roofs of type B with corresponding roofs of type A, the effect of the insulation layer becomes clear in reducing the instantaneous heat transmission by more than 35% as well as reducing the amplitude of load fluctuation.  It is also noted that roofs A5 and B5 give a slightly longer time lag and smaller amplitude of load fluctuation compared to roofs A6 and B6 due to the higher heat capacitance of fire clay.


Overall performance
Table 3 summarizes the daily total and daily-averaged thermal characteristics for all roofs.  The daily total heat transmission loads to the inside space per square meter of roof are given by Qi (MJ/m2.day).  These transmission loads are in accordance with the thermal conductivity values of the Hordi unit materials; i.e. as the conductivity decreases (moving from A6 to A1 or from B6 to B1) Qi decreases.  Compared to the traditional concrete Hordi units, the polyurethane Hordi reduces the daily heat transmission load by about 30% for roofs A and by about 20% for roofs B.  Besides, roofs B give an average reduction in daily load of about 38% compared to roofs A as a direct result of using a 75-mm-thick layer of polystyrene instead of the lightweight concrete layer.

Table 3. Daily total and daily-averaged thermal characteristics

	Roof
	Qi

(MJ/m2.day)
	Qc,o

(MJ/m2.day)
	Qs,a

(MJ/m2.day)
	Qr,o

(MJ/m2.day)
	R   (m2.K/W)
	Qi,rib / Qi  (%)

	A1
	0.518
	-3.527
	11.480
	-7.436
	2.03
	39.6

	A2
	0.532
	-3.518
	11.480
	-7.432
	1.98
	37.8

	A3
	0.593
	-3.474
	11.480
	-7.415
	1.78
	30.6

	A4
	0.621
	-3.453
	11.480
	-7.407
	1.70
	27.8

	A5
	0.716
	-3.385
	11.480
	-7.380
	1.47
	21.2

	A6
	0.724
	-3.379
	11.480
	-7.378
	1.46
	20.9

	B1
	0.344
	-3.651
	11.480
	-7.487
	3.07
	39.6

	B2
	0.349
	-3.647
	11.480
	-7.485
	3.02
	37.8

	B3
	0.375
	-3.628
	11.480
	-7.478
	2.81
	30.6

	B4
	0.386
	-3.620
	11.480
	-7.475
	2.73
	27.8

	B5
	0.421
	-3.595
	11.480
	-7.465
	2.50
	21.2

	B6
	0.423
	-3.593
	11.480
	-7.465
	2.49
	20.9


The daily total outside-surface convection heat transfer (Qc,o), absorbed solar radiation (Qs,a) and radiation exchange with the sky (Qr,o) are also given in Table 3 for comparison.  It is noted that Qc,o and Qr,o are negative and, hence, give a daily net heat dissipation to the outside ambient air and surroundings.  This reduces substantially the adverse effect of Qs,a since the sum of these three quantities; namely, Qc,o + Qs,a + Qr,o must equal Qi under steady periodic conditions.

The daily-averaged dynamic R-values are also given in Table 3.  These are calculated from the difference between the inside and outside ambient temperatures divided by the instantaneous heat transmission to the inside space both integrated over a 24-hour period.  The dynamic R-value gives a true representation of the steady periodic heat transmission through the two-dimensional composite roof taking into account the variation of solar radiation, long-wave radiation exchange and energy storage as well as the conductive and convective resistances.  The results show that the R-values for roofs A are rather low and range between 1.46 and 2.03 m2K/W; those for roofs B are comparatively higher and range between 2.49 and 3.07 m2.K/W.


In order to quantify the effect of the reinforced concrete ribs which act as thermal bridges, the daily percentage of rib-to-total transmission loads are calculated and given in the last column in Table 3.  The ribs occupy 20% of the total area of the roof, but the percentage of total heat transmission through the ribs can be much greater than that and depends upon the Hordi material.  For roof A1, the daily percentage of rib-to-total transmission load is about 40% due to the much lower thermal resistance of the rib compared to the resistance of the polyurethane Hordi unit.  This percentage is reduced continuously from A1 to A6 to become roughly proportional to the heat-transfer area ratio for A6 (concrete Hordi unit).  The same daily percentage values of rib-to-total heat transmission loads apply for roofs B.

Finally, a parametric study is carried out using roof A1 to investigate the effect of varying the rib thickness on the overall performance.  The rib thickness for the nominal case is 10 cm which gives a rib-to-total roof area of 20%, see Fig. 1(b).  Keeping the Hordi unit size unaltered, the rib thickness is changed to 6, 8, 12 and 14 cm which gives a rib-to-total area of 13%, 16.7%, 23.1% and 25.9%, respectively.  Figure 10 (a) presents the daily total heat transmission versus percentage rib-to-total roof area.  The corresponding daily-averaged dynamic R-values are shown in Fig. 10 (b). As expected, when the rib thickness decreases the transmission load decreases and the R-value increases.  For example, compared to the nominal case, a 10% decrease in heat transmission is achieved by reducing the rib-to-total area from 20 % to 13 %.  Therefore, the thermal bridging effect is reduced by reducing the rib thickness; however, this may adversely affect the structural integrity of the roof.  Hence, it is believed that insulating the ends of the ribs is more practical and cost effective especially for roofs A.  This will be the subject of future investigation.

Conclusions and Recommendations

A numerical model based on a two-dimensional, finite-volume implicit procedure was applied for the determination of the thermal performance of Hordi roofs.  Different materials for the Hordi units were investigated under steady periodic conditions using the climatic data of Riyadh for a representative day for July.  Under the conditions of the present study, the following concluding remarks are drawn noting that type-A roofs have a 75-mm-thick lightweight concrete layer, whereas type-B roofs have a 75-mm-thick polystyrene layer instead.

(i)
It is advantageous to use Hordi units made of insulation materials instead of the commonly used building materials.  Compared to the traditional concrete Hordi units, the polyurethane Hordi units reduce the daily heat transmission by about 30% for roofs A and by about 20% for roofs B.  The ranking of the other Hordi units is in accordance with the thermal conductivity of their materials.  Due to their highest heat capacitance, the fire clay Hordi units are the most effective in reducing the amplitude of 

instantaneous load fluctuation but give a large daily heat transmission load which is comparable to that of the concrete Hordi units.

(ii)
The dynamic R-values, averaged over a 24-hour period, are about 1.5 to 2 m2.K/W for roofs A and 2.5 to 3.1 m2.K/W for roofs B.  Hence, roofs A have rather low R-values and an extra thermal insulation layer will be required as in roofs B. 

(iii) The ribs of the reinforced concrete slab act as thermal bridges which decrease the roof R-value.  The thermal bridging effect and, consequently, the roof heat transmission load decrease as the rib thickness is reduced.  It is recommended that the ends of the ribs should be insulated.

Future studies may consider different climatic conditions, roof structures and geometrical configurations of the Hordi units.  Determination of the time lag, decrement factor and optimum insulation thickness of roofs would be of immense interest too.  The building-element thermal analysis computer program used in the present study and developed and validated in [11] is well equipped to handle efficiently the modifications required for setting up new geometries, boundary conditions and material properties through the use of specific purpose modules.
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الأداء الحراري لأسقف الهوردي في مناخ حار وجاف

د. سامي علي الصانع

قسم الهندسة الميكانيكية ، كلية الهندسة ، جامعة الملك سعود

ص.ب 800 ، الرياض 11421، المملكة العربية السعودية

( استلم في 27/03/2002م،وقبل للنشر في 14/06/2003م )

ملخص البحث . استخدم في هذه الدراسة انموذج عددي ثنائي الأبعاد مبني على طريقة الحجم المحدود والتغير الزمني الضمني لإيجاد الأداء الحراري لأسقف الهوردي المستخدمة في المباني في المملكة العربية السعودية . عرضت هذه الأسقف لتغير دوري في كل من درجة الحرارة الخارجية والإشعاع الشمسي ولتبادل إشعاعي غير خطي على السطح الخارجي للأسقف ولدرجة حرارة هواء داخلي ثابتة على السطح الداخلي . تمت الدراسة تحت الظروف المناخية لمدينة الرياض ليوم نمطي يمثل شهر يوليو . وقد تمت مقارنة كلاً من كمية الحرارة المنتقلة إلى الداخل خلال يوم ومتوسط المقاومة الحرارية الديناميكية خلال 24 ساعة باستخدام مواد مختلفة لوحدات الهوردي وذلك في حالتي عدم وجود و وجود طبقة عازل حراري . وقد أظهرت النتائج أن استخدام مواد عازلة لوحدات الهوردي بدلاً من مواد البناء المستخدمة عادة لهذه الوحدات من شأنه أن يقلل من انتقال الحرارة إلى الداخل بنسبة حوالي 25 %.  ولكن أعصاب الخرسانة المسلحة تعمل كجسور حرارية وتقلل بشكل كبير من المقاومة الحرارية . استنتج من الدراسة أن من المفضل استخدام وحدات هوردي بموصلية حرارية منخفضة غير أن ذلك لا يعطي بشكل عام مقاومة حرارية كافية للأسقف غير المعزولة .  كما توصي الدراسة بوضع عوازل حرارية على نهايات أعصاب الخرسانة المسلحة .
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Fig. 1a. Schematic of a front-view section in a typical Hordi roof showing a symmetric region of interest.
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Fig. 1b. Schematic of a symmetric section in a typical Hordi roof showing boundary conditions and dimensions (mm).
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Fig. 2. Temperature contours (oC) for roof A1; (a) time = 6:00 hours and (b) time = 18:00 hours.
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Fig. 3. Temperature contours (oC) for roof A6; (a) time = 6:00 hours and (b) time = 18:00 hours.
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Fig. 4. Temperature variation across the roof thickness at  y = 0 and different times; (a) roof A1 and (b) roof A6.
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Fig. 5. Temperature variation along the inside surface of roofs A at different times.
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Fig. 7. Temperature variation with time at different locations along y = 0;  (a) roof A1 and (b) roof A6.  (1) outside ambient temperature, (2) outside surface, (3) upper surface of Hordi unit, (4) lower surface of Hordi unit, (5) inside surface and (6) inside air temperature.
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Fig. 8. Variation of the heat-transfer rate components with time for roof A1.
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Fig. 9. Inside-surface heat flux variation with time; (a) roofs A1 to A6 and (b) roofs B1 to B6.
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Fig. 10. Effect of rib-to-total area ratio for roof A1 on; (a) daily total heat transmission and (b) daily-averaged dynamic R-value.
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Fig. 6. Temperature variation along the inside surface of roofs B at different times.
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