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ABSTRACT

Using of false ceilings (FC) for decoration and covering different ducts in modern buildings is
spreading so much nowadays. This paper tries to find a new employment and other benefits for
using false ceilings (FC).A one dimensional transient mathematical model has been established to
study the effects of using false ceiling on reduction of heat gained from concrete roof of controlled
temperature space. The effect of using false ceiling (FC), with and without adding reflector sheet on
its upper side facing to concrete roof on the room cooling load is studied by modeling and solving
the transient heat transfer processes in the different components of the space. The results showed
that using of false ceiling only without reflector sheet reduces heatgain introduced to space through
24 hours by 66.8%, while using of false ceiling with reflector sheet increases the reduction percent
of heat gained from concrete roof to be 81.6% for the same period.
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1. Introduction

As fifty percent of external heat gain in the buildings is from the roof [1], therefore a lot
of experimental and analytical studies all over the world had been performed to decrease that
load. Removing of such load from buildings by active systems (like mechanical air
conditioning systems) becomes very expensive specially with the fast spreading of energy
crises around the world. Using of passive techniques to reduce buildings heat load have been
very important. Using of materials of low conductance and heat capacitance, wind tower, and
doomed roof were efficient methods. However such methods are difficult to be used in the
high modern buildings. Most roofs nowadays are flat and made of high thermal capacitance
material like concrete. So they need special methods to decrease their loads. Ciampi
et al.[2] performed analytical study of tilted ventilated and micro ventilated roofs to
investigate the reduction in summer thermal loads. They built their mathematical models of
ventilated roof as turbulent flow model and for small thickness duct (micro ventilated roof)
with laminar flow model. They studied two different roof designs. One of them was
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constructed from copper plate as upper slab and rigid fiberglass panel as lower slab, while
the second one was constructed from a tile and wooden rafters as upper part with rigid
fiberglass panel as lower part of the roof. They considered room temperature to have a
constant value in all cases and presented one dimensional thermal energy balance model.
They concluded that:
1. The roof having a tile as upper slab reduces heat gain comparing with the other of
copper sheet.
2. Energy saving in the case of well-designed roof can be more than 30% with large
duct height (0.08 m) and not exceeding 15% for micro ventilated design (.04 m).
3. Heat gain in case of closed duct is more than for open duct; so using roof design
with closed duct is better in winter.

Biwole et al.[3] studied the effect of adding metallic screen sheet above sheet metal
roof to make an inclined open channel to enhance natural convection over roof surface.
They studied this double skin roof numerically by bi-dimensional numerical method and
validated it by experimental work. The effect of thermal radiation properties of the roof
components like emittance and reflectance on temperature profile was investigated for
different channel cross-sections. They concluded that, there is enhancement in natural
ventilation by increasing tilted angle and cavity width. But these factors did not have great
effects on thermal radiation comparing with emittance reduction of sheet metal. They
found a reduction of heat gain by about 58% when emittance of all components was
reduced from 0.8 to 0.15. Fracastoro et al.[4], presented a steady state analytical model to
study reduction of heat gain by using under roof air cavities, for both opened (ventilated)
and closed (unventilated) ones. They found that ventilated roofs may lead to a reduction up
to fifty percentof the load for closed air cavity roofs.

This paper aims to study the effect of different parameters of false ceiling (FC) on the roof
load. The false ceiling is usually used to cover ducts or pipes passed under roof, and become a
part of the internal decoration of buildings. The objective of this work is to study the influence
of false ceiling on heat load coming from concrete roof facing the sky by one dimensional
transient model. In this work space temperature is controlled and the walls are completely
insulated. So only heat gain will come from roof .Theoretical model used will treat three cases:

e Case one: Concrete roof only with no false ceiling (FC)

e Case two: Concrete roof with false ceiling (FC) making a closed cavity

e Case three: The pervious case but using reflector sheet(FC-R) on the upper face
of false ceiling which is facing the concrete roof.

2. Theoretical model
2.1. System and assumptions

Figure (1) shows the dimensions of the room that will be studied and the different heat
flow rates. For the system shown in Fig.(1), the following assumptions are taken into
consideration when dealing with energy balances on the various components of the system

1. Heat transfer through the concrete roof, which is considered to be flat and

horizontal, is one dimensional.

2. Air gap (space between roof and false ceiling) is thermally treated as homogeneous

gap with bulk temperature of Tav.

3. False ceiling is thermally treated as a lumped heat capacitance system.

4. Room space has a constant temperature of Tj,.



668
JES, Assiut University, Faculty of Engineering, Vol. 42, No. 3, May 2014, pp. 666 — 682

5. All walls and floor of the room are thermally insulated and treated as one surface of

temperature Tw.

All room internal loads are neglected, only external load from roof is to be considered.

7. The thermal and physical properties of system components are considered to be
constants.

8. The meteorological conditions are considered as those of Assiut city, Egypt.
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Fig. 1. Thermal model with different heat flow rates for the case of existence of FC.
2.2. Analysis of roof slab

By considering the roof to be a one dimensional slab of thickness L. with no heat
generation, the heat flow through the roof maybe represented by one dimensional heat
conduction equation[4]

2

%:am%gﬂm=£ﬁ 0<x<L (1)

Where T is the roof temperature at any distance x and time t, k; is the thermal conductivity
of concrete roof (W/m.K), C; is the specific heat of roof (J/kg.K), p, is the concrete roof
density (kg/m®), a;p, is the thermal diffusivity of roof (m%s), and x is the downward distance
from the upper surface of the roof. The roof is exposed to convection and radiation on both
sides.

Boundary condition of roof at the outer surface where x = 0.0 is given by;

aT
—k,A¢ 9 *¥=0.0 = Qabs — 9c—amb — Gsky ()
The absorbed energy rate of incident solar radiation g, is calculated from the relation:
Gaps = AcarG (3)

Where G is calculated for clear sky model as follows[5];
G =I,cos8, +D 4)
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The convective heat transfer between roof and ambient air q._,.;,pis calculated from the
relation;

qc—amb = hoAc(To - Tamb) (5

and the convective heat transfer coefficient at the outer side of concrete roof is
calculated from the relation[6]

h, = 2.8 + 3.0U, (6)

Where U, is the wind velocity in m /s. The value of U, in Assiut town, Egypt is
usually between 1.5 — 3.0 m/s around year.

Ambient temperature T,y and sky temperature Ty, are calculated by the relations[5]

Tomp = Tmax;Tmi" + (Tmaxz_Tmi") sin [i—z (t— 9)] (7)

Tsky = 0.0552T, TLS . Tamp and Tsyy are in K. 8)

Where, Tp.x and Ty, are the day maximum and minimum temperatures and 7 is the
time in hours measured from midnight. The radiation heat transfer to sky g, can be
calculated by the relation:

Usky = &0Ac(Ty — Tgiy), T, and Ty, are in K 9)
Boundary condition at the inner surface x =L is given by:

aT
L N (10)

In the previous equation (10), terms q.._, and q,_; are differed according to the
existence or absence of false ceiling; so the values of the two terms will be introduced
separately.

When using false ceiling, the convection heat transfer rate between roof and downward
air q._; will be computed using the relation,

qe-i = hiAc(Ti — Taw) (11)
The convective heat transfer coefficient at the roof inner surface h;is taken as free

convection heat transfer coefficient with hot horizontal surface is at the top, and can be
calculated by the relation[4]

1

h =027 [kapagca (Ti—Tay) [+ (12)
LevgTy

Where L. is the ratio ofarea of the bottom surface of the slab to its perimeter,

Ty = L +Ta” T; and Ty, are in K.

On the other hand, the term q._; is calculated in the absence of false ceiling according
to the relation,

Ge-i = NA(T; — Tin) (13)
Where,
1
h; = 0.27 |K&Pa9% Tl % g p — Tt Tin 5 in K (14)
LevuaTy f 2

The net radiation heat transfer rate between inner roof surface and inside surfaces q,_;
will differ according to the existence or absence of false ceiling. In the case of absence false
ceiling, the value of g,_; will be computed by using the radiation network shown in Fig. (2).
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Fig. 2 Radiation network between concrete roof and room walls with no FC.

Where: E,,; and E,,; are the black body emissive flux for roof surface and walls and
floor, while J; and J,; are the radiosites for the same two surfaces respectively. Also R, and
Ry, are the surface resistances for roof surface and walls respectively, while R, is the
geometrical resistance between inside roof surface and room walls and floor.

The different resistances shown in Fig.(2) are calculated as follows;

R 1—¢e, 1—-¢, 1
r= Rw1 = 77— S Nyw1 T o
Acer v Ap1€w v AcFrwn

F,11s the viewfactor between roof surface and inside room walls and floor, and it

equals unity.

A, =S5+27 VA1 =2Y*Z+2Y+ S+ (S +Z), see Fig.(1)

where Z is the depth of the room in (m).

Let,Y Ryr—yw = Ry + Rpy1 + Ryt (15)
- _ (Epr—Epwi) _ o(T{'-Ti)

qr_l - ZRTT—W - ZRT'T—W (16)

When installing the false ceiling, the radiation network between inner roof surface
,[false ceiling upper surface, and the air gap's surrounding walls will be as shown in Fig.(3).

E, R, J R JJ;chlﬂml-l
I

Fig. 3.Radiation network between concrete roofand inside surfaces of air gap's
surrounding walls.
In this case the net radiation for inner roof surface is computed by the relation:

E r—Jr
qri = 2 (17

By making balance at every radio site node the values of different radio sites J,, Ji., and
J2 are obtainedas functions of temperatures.

(Epr—Jr) Uwz=Jr) (]fc_]r) _
Ry + Ryw2 + erc - 00 (18)
(Ebfc_]fc) + (]r_/fc) + Uwz—Jfc) - 0.0 (19)

Rfcl erc Rfcwz
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(Ebwz—]w2)+ (Ur=Jw2) + Ufc=Iwz) —

Ry2 Rrw2 Rfcwz

0.0 (20)

For Fig. (3), the values of different resistances can be computed as given below:
R_l—er _ 1—€pq _ 1 R _1—ey
T Acer et Acefcl hrwz AcFrw2, w2 AWZEW
1 R —
Achcwz e AcFrfc
The shape or view factors Fy.zc, Fry 2, and Fye,, can be calculated by considering roof,

false ceiling, and side walls form a rectangular parallel piped enclosure, and the equation
used is as follow [4].

Reew = JAp, =2H*Z+2H =S

1
W]z + 51(1 + 212)% tan~1
5 1+S51%2+212 (1+le)%
__2 . (21)
Ve msin +Z1(1 + S1?)z tan " ——
(1+512)2

—S1tan 181 —Z1tan 171

Where Z is the depth of the room, S1 = % ,and Z1 = é

AISOvFrfc = chr v By =1- Frfc ,and chwz = Frw2
Initial condition of roof slab is considered to be:
T(x, 0) = Tams(0) (22)
2.3. Analysis of air gap
As mentioned in the assumptions of model, the variation of air gap temperature (T,,)

across the gap height H is neglected, so only variation with time is to be considered.
Figure(4) shows the heat transfer rates crossing the boundaries of air gap.

|
I
Ye-w2
| P.CyV.Tay |
| A

Fig. 4. Heat transfer rates crossing boundaries of air gap.

By applying first law of thermodynamics to air gap; the energy balance equation will be
as follow;

ATgay
e-i = Ge-av T Ge-w2 = (panVg) dt (23)
where,
Ge—av = havAc(Tav - ch) (24)
1
_ k3paCag (Tav—Tfc) 4 _ TavtTgc, .
hgy = 0.27 [ LovaTrs , Tpp = _— T,, and Ty, are in K. (25)
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Qe-w2 = hw24y; (Twz - Tav) (26)
2
1
6
hyy = % 0.825 + — 3% Rg‘”g/ for vertical walls[4]. (27)
[1+(°ﬁ:2)ﬁ] )
where,
_ 3
Ry = 9B Twz Tl g L TwetTav 1 and T,, are in K, L= H.
ya B 2
2
3)% L
(H)
ok 0.4344 (g—ya Tos—Tay\s
Hence; h,,,, = o 0.825 + T (Tw2+Tav) (28)
0.492\16
+H%2) ]

Initial condition for air gap is considered as follow:-
Tay (0) = Tamb(o) (29)

2.4. Analysis of air gap's walls

The energy balance equation for walls surrounding the air gap is as follow;

]w -E w.
w2 __bwz hWZAWZ (TWZ - Tav) (30)

Ay2Ry2
Initial condition for air gap's wall:
Ty2(0) = Tamn(0) €29)
2.5. Analysis of false ceiling

He-av Orfc

! AN Y4
| <IN

Gete ;

Fig. 5. Heat transfer rates crossing boundaries of false ceiling

Referring to Fig.(5) and applying first law of thermodynamics to false ceiling, the
energy balance equation will be in the form;
deC

Qc-av + Qr—fc — 9e—fc — Qr-net = (pCV)fc dt (32)
_ (]fc_Ebfc)
Qr—fc Rfer (33)
Qe—fc = hchc(ch - Tin) (34)
1
k(?i aCad (Tfc—Tin) 4 Trct+Tin -
hse = 0.27[ P LjaT; ] and Tr3 = L — Tt and Tj, are in K. (35)

Figure 6 shows the radiation network by consideringthe lower surface of FC and room
walls and floor which form room space as two surfaces enclosure.
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|||—|‘ bfc2 chz Epw \l—l“'
fc2 Rfcw3

Fig. 6. Radiation network between false ceiling and room walls

Where: Ey, and E,y; are the black body emissive flux for lower surface of FC and
inside surface of room walls and floor, while J;, and J,; are the radiosites for the same two
surfaces respectively. Also, Ry, and R,,; are the surface resistances for lower surface of FC
and inside surface of room walls respectively, while Ry..; is the geometrical resistance
between inside roof surface and room walls and floor.
1—¢€, 1—€fc2 1

JRpco = —— =

Ry3 =

Apz€w Ac€rer

Z Rife-w = Rec2 + Recws + Rz
where Ay, =2(Y—H—Le) *Z+2(Y—H—Le) * S+ (S * Z)
Tfe2 =Tk .
Qr—net = M, Ty and Ty, are in K. (36)
h> erc—w
Initial condition for false ceiling is taken as follow:
T (0) = Tamn(0) (37
2.6. Analysis of room walls and floor
When using false ceiling, theenergy balance on the walls and floor surfaces is as follow,
Qr—net = qc-w + qc- -f (38)
where q._,, is the convection heat transfer rate between walls and air inside room space
and is calculated by the following relation

Ge-w = hwAwa(Ty — Tin) (39
where Ay, =2(Y—H—Le) *Z+2(Y—H—Lg) * S
and the free convective heat transfer between room walls and air inside room h,, is
calculated by the relations[4],

1
6
0.387 R,

w = o Lfc 0.825 + S (40)
(e
—T. 3
Ry = 9B (Tw—Tin)Le and & = TwtTin ,T,, and T}, are in K.
ya B 2
2
3>é L
0.4344 (—g(y_”) T T \"
ya w—lin\6
S0, hyy = —1— —|0825 + ) @1)

9 /27
1+(0.492)16]

Pr

While q._y is the convection heat rate between floor and air inside room space, and is
calculated by the following relation;
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qe-f = thc(Tw - Tin) 42)

1

3 . 2
Whereh, = 0.27 |¥aPaCad Qw=Tu)|* 0y —
f LevgT g f4

Tw+Tin

- (43)

In the absence of false ceiling, the energy balance equation on the walls and floor
surfaces will be as follows,

Qr-i = qc—w + qc—f (44)
T T

Jz(:};e—r_w) = hyAys(Ty, — Tin) + thc(Tw — Tin) (45)

From Fig.(2):Y. Rey—w = Ry + Ryp1 + Ryt (46)

The value of h,, in equation (45) will differ from the same coefficient in equation (41)
because the walls height is changed. So h,, of equation (45) is obtained from the following
relation:

2
1

_ 04304 () 1 rias
hy, = £[0.825 + — Py (TW”m) (47)
[1+( = )“]

while Ay, = 2Y*Z +2Y * S
2.7. Analysis of room air

As stated before, the temperature of room air is assumed to be controlled at a constant
value T;,. The energy balance equation in the absence of false ceiling is given by:

Qioad = Gc-i T Ge-w T qe—f (43)

Where q;,44 18 the cooling load delivered out by refrigerating machine, and when using
false ceiling, the energy balance equation will be in the form

Qioad = Ge—fc T Ge-w t qc—f 49)

3. Method of solution

In this model there is a set of unknowns which are to be obtained to estimate different
heat transfer rates in the model. These unknowns are roof temperature T(x,t), air gap
temperature T, (t), air gap's walls temperature T,,,, false ceiling temperature Tg(t), and
room walls temperature T,(t).

The governing equations of the system components (roof, air gap, air gap's walls, false
ceiling, and space walls and floor) are simultaneous partial and ordinary differential
equations and algebraic equations. Because the boundary conditions are time dependent,
there is no available closed form solution for such equations. The time duration of one day
is discretized into time interval each of one hour.

The following steps are followed to obtain the solution at the end of each time interval.

1. The time interval for solution At=3600 s.

2. The roof slab is divided into m (15) elements with the upper and lower elements
are having half the thickness of the element. Equation (1) is applied to the interior
elements, while the boundary equations (2, 10) are applied to the upper and lower
elements respectively.
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3. The differential terms are discretized using a finite difference scheme.

4. Guessed values for the gap's air, air gap's surrounding walls, and false ceiling
temperatures are used to determine the temperatures of the roof elements (values at
starting time are used).

5. The gap air temperature T,,, and false ceiling temperature Tgare obtained using equations

(23, 32) by applying the 4™ order Runge-Kutta technique using the results of the ceiling

temperatures as well as the guessed value of space walls and floor temperature.

The air gap's surrounding walls is thus obtained using equation (30).

7. The space walls and floor temperature is thus obtained using equation (38).

8. Multiple iteration loops are then applied through Fortran code to obtain the
solution for the temperatures of all components at the end of the time interval.

9. The procedure given above is repeated for all time intervals to cover the whole day.

a

3.1. Model dimensions and thermophysical properties of its material

The dimensions used in this analysis are given in table 1. Zach et al.[7] presented an
empirical study to evaluate thermal conductivity of lightweight concrete. The density and
thermal conductivity of roof material were determined from [7]. Thermal radiation
properties as solar absorbance and long wave emittance were obtained from[8]. Infrared
emittance of wall and AL foil used as reflector sheet on false ceiling were taken from[9],
while properties of false ceiling (density, specific heat, and thermal conductivity) were
taken from a specification sheet of commercial false ceiling board. The properties used in
this analysis are given in Table 2.

Table 1.
Dimensions of model

Dimension | L H L
Value (m) | 0.12 0.60 | 0.01 [3.0 13.0 (20
Table 2.
Properties of selected materials
material Density(kg/m3) C,(J/kg.K) | k(W/m.K) | Emittance | Absorbtance
Concrete Roof 2300 1000 0.4118 0.9 0.8
False Ceiling 600 1090 0.191 0.8 —
Reflector — — - 0.09 -
Walls - - — 0.96 —
Air 1.205 1005 0.0257 — -

3.2. Validation of theoretical model

This model has been solved using meteorological data conditions for Assiut city, Egypt
(27.11° north, 30.04° east) in summer seasonon 21* June. The maximum and minimum
temperatures are 43°C and 26°C respectively and constant indoor temperature T, equal
20°C. The present computer code was validated by comparing numerical results with
experimental results published byJo er al.[10].The described conditions in [10] included site
(Phoenix, Arizona, USA 33.34° north and longitude 112.06° west), climatic conditions, and
indoor air conditions were taken in consideration and adopted in the computer code for
comparing of results. The comparison was made for the outer surface temperature of an
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ordinary roof (which has symbol B in [10]) having no thermal reating. Figure (7) shows the
differences between theoretical results of case one and experimental data taken from [10].

The correlation coefficient between experimental data and theoretical results is 0.98 and
standard error is 2.23. So a good agreement has been achieved by the model.
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Fig. 7.Variation of experimental data of [10] and theoretical results of outside
roof surface temperaturesduring day time for case one (no FC)

4. Results and discussion

Figure 8 shows the hourly variation obtained for ambient

radiation on roof surface.
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Fig. 9.Variation of temperatures and roof cooling load for case one of the model (no FC)
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Figure 9 shows thedaily variation of temperatures for walls, outer and inner roof surface
and also shows the daily variation of roof cooling load for case one (Concrete roof only with
no FC). Due to thermal storage characteristics of concrete roof, there is a difference between
maximum temperature at the inner and outer roof surfaces. The temperature of wall and inner
roof surface reach to their maximum value at the same time because the wall gained heat
only by radiation exchange with inner surface of the roof. The slight increase of inner roof
surface temperatures above temperatures of outer surface at the beginning and ending of day
time occurs due to increasing of heat loss from outer surface to adjacent air by convection
and to deep sky by radiation. The cooling load and inner surface temperature of the roof
reach to their maximum and minimum values at the same time because the roof cooling load
is a summation of radiation and convection load coming from inner surface of the roof.

The effects of using false ceiling -without reflector- under flat concrete roof (case two)
on temperatures of model components are shown in Fig. (10). The Temperature of outer
and inner surfaces of the roof has been increased compared with their value in the first
case, while the temperature of wall is decreased. Also the temperature of FC is lower than
the temperature of inner surface of the roof. These results lead to increased losses out from
roof to ambient and decreased heat gain introduced to room space.
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40

30 +

Temperature (Deg. C)
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Fig. 10. Variation of temperatures with time for first and second cases of the model
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Fig. 11. Variation of cooling load with time for cases one and two of the model

Figure (11) shows the cooling load for the first and second cases. The cooling load (qLoad) is
reduced when using FC (case two) compared with cooling load without using of FC (case one). False
ceiling in this case works as a radiation shield and prevented a large amount of radiation load to pass
from roof to room walls. At the same time it decreases the convection load to the space. From
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definition of radiation shield published in [11], the effectiveness of radiation shield will be increased if
emittance of its surface is low. So, pasting of a reflector sheet having a much lower emittance than the
FC on the upper side facing concrete roof is expected to increase its effectiveness.
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40

Temperature (DEg. C)

T T T T T T T
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Time (hr)
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To-FC-R —=— Ti-FC-R —*— Tw-FC-R —=— TFC-R

Fig. 12. Variation of temperatures with time for second and third cases of the model

Figure (12) shows the variation of temperatures with time by using false ceiling with
reflector sheet (FC-R). As seen in Fig. (12), the influence of using reflector sheet on
reducing temperatures of FC and walls is obvious.So, as known from governing equations,
the cooling load will be reduced too.

Figure (13) showsthe cooling loads (qLoad) in the third case compared with thesecond
case of the model. It indicates a reduction in maximum load in the case three (comparing
with case two) by about (41%). Figure (14) shows a comparison between total energy
gained by the space in the three cases of the model during one day (June 21%, Assiut).

—=—qg-Load.2nd case

200 —— a=f=a

g-load,3rd case /- \
150 / \
100

N

0 T T T T T T T T T T T 1
0 2 4 6 & 10 12 14 16 18 20 22 24
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Time (hr)

Fig. 13. Variation of cooling load for second and third cases of the model
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Fig. 14. Total energy gained by the space for the three cases during one day

Referring to Fig.(14), the energy saving due to installation of FC under concrete roof is
about 66.8% and it increase to about 81.6% when using reflector sheet with FC.

5. Conclusions

In this paper, transient temperature distribution for different components of (3 mx3 mx2 m)
room with flat horizontal concrete roof, false ceiling, and walls as well as the resulting roof
cooling load of space have been studied theoretically. A computational code based on
theoretical solution of thermal model was used. The model has been adapted to three cases;
first case is for the room with concrete roof only, the second case is when adding a FC
under concrete roof, and the third case is when pasting a reflector sheet to the upper
surface of the FC.

Results of the thermal model were obtained using meteorological conditions of Assiut
town, Egypt (27.11° north, 30.04° east) one day of summer season (21* June) with constant
indoor temperature equal 20 °C. The present computer code was validated by comparing
numerical results with experimental results published by Jo et al. [10] for the first case. It
is concluded that using of false ceiling (FC) saves 66.8% of daily flat concrete roof cooling
load of space. Also, when pasting reflector sheet to the upper surface of false ceiling
(FC-R) the cooling load saving is about 81.6 %.

Nomenclature
A, Cross-section area of concrete roof (mz)
Ay, Surface area of room walls (mz)
C, Specific heat of air (J/kg.K)
C, Specific heat of concrete roof (J/kg.K)
D Diffused solar radiation flux (W/m?)
G Total incident solar radiation flux (W/m?)
h,, Convection heat transfer coefficient between gab air and FC. (W/m?.K)
h¢ Convection heat transfer coefficient between floor and room air (W/m?.K)
hg. Convection heat transfer coefficient between FC. and room air (W/m”.K)
h; Convection heat transfer coefficient at inner surface of roof (W/mz.K)
h, Convection heat transfer coefficient at outer surface of roof (W/mz.K)
hy, Convection heat transfer coefficient between walls and room air (W/mz.K)
hy» Convection heat transfer coefficient between walls and gab air (W/mz.K)
I Direct solar beam radiation flux on horizontal surface (W/mz)

k, Thermal conductivity of air (W/m.K)
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k. Thermal conductivity of concrete roof (W/m.K)
L Thickness (m)
Jabs Absorbed portion of incident solar radiation by roof (W)
qc-amb Convection heat transfer rate at outer surface of roof (W)
Je-av Convection heat transfer rate between gab air and FC. (W)
e-fe Convection heat transfer rate between FC and inside room air. (W)
Je-i Convection heat transfer rate at inner surface of roof (W)
Je-w2 Convection heat transfer rate between walls and gab air. (W)
Qload Cooling load (W)
Qr-fe Net radiation heat transfer rate gained by FC (W)
qri Net radiation heat transfer rate at inner surface of concrete roof (W)
Qr-net Net radiation heat transfer rate for lower surface of FC (W)
Jsky Radiation heat transfer rate between roof and sky (W)
t Time (s) .
T Temperature (° C or K)™*
Tamb Ambient air temperature (° C)
Ta Air gab Temperature (° C)
T; Inside roof surface temperature (° C)
Tin Design inside air temperature (° C)
T, Outside roof surface temperature (°C)
Ty Sky temperature (° C)
Tw Temperature of wall surrounding room space (° C)
Tw2 Temperature of wall surrounding air gab space (°C)
U, Wind velocity (m/s)
V, Air gab volume (m*)
Greek Symbols
o, Solar absorbtance of concrete roof
Oh Thermal diffusivity (m%s)
€5 Emittance of false ceiling
& Emittance of concrete roof
V, Kinematic viscosity of air (m*/s)
Pa Density of air (kg/m’)
pr Density of concrete roof (kg/m’)
c Stefan-Boltzmann constant (W/mz.K4)
0, Zenith angle
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