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This paper presents the results of a theoretical investigation on energy conser­
vation in an air-conditioned building, if the space between roof and false 
ce.iling is ventilated by outside air. It outlines the procedure for deter mining 
the reduction in roof heat load over a conventional system where no sucn 
air .is f1o wn. The percent saving is deter mined at different times of the day 
between 1 O am to 5 pm. The other parameters taken are viz. air velocities 
of 1,2 and 3 m /s; roof length in the direction of f1o w as 1 O, 20 and 30 m ; 
inclination of roof at 0°, 30° and 45° at a location of 29.85°N latitude. The 
effect of these parameters are studied and their optimum com bination is 
found at 2 mis, 20 m length and 30° angle of inclination which gives an average 
reduction of 17.4 percent for roof load between 10 am to 5 pm. 

INTRODUCTION 

Solar radiation on roof in an air-conditioned building constitutes one of the 
main source of cooling load on air-conditioning plant. An airconditioned building 
is usually provided with faJse ce.iling. If the space between roof and false 
ceiling is ventilated by outside air, a certain portion of the roof load Q 1 may 
be carried away by this air due to convective heat transfer from the mside 
surface of the roof. This paper outlines the procedure which may be adopted 
for determining this heat transfer Q2 to the flowing air and thus the roof 
load (Q r~2 ) passing to the condit:i.Oned space. This when subtracted from 
the roar J.Oad Q without f1o wing any air as above gives the net saving Q' 
which may expressed as a percent of the former. This model under investigation 
is shown in figure ( 1 ). 
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The results of a case study for a chosen location have been presented to show 
the effect of the time of the day, air velocity V, angle of .inclination of roof 
5° with the horizontal and length of the roof in the direction of f1o w as x, 
on the percent reduction of heat load. Such an .investigation .is useful to develop 
an energy conservation technique for airconditioned buildings. 

MATHEMATICAL FORMULATION 

Intensity of Solar Radiation (I) 

The relevant relations obtained from reference ( 1) are given by equations 
(1 to 10). 

d = 23.45 sin [360(284+n)/365] 
where, n is the day of the year (n=172 for June 21). 

For horizontal surface, 8 = 8 and thus 
cos e

2 
=sin d. sin L +cos d. 2cos L. cos w 

For tilted surface facing north, 
cos ST = sin d. sin (L+S) + cos d. cos (L+S) • cos w 

For tilted surface facing south, 
cos eT = sin d. sin (L-5) + cos d. cos w. cos(L-S) 

In= 1082 exp (-0.182 m) 
where, m = 1/cos e

2 

Id = Rb. In. cos 82 
where, Rb = cos ST/cos 82 

I0 = C.In. (1+cos 5)/2 

( 1) 

(2) 

(3) 

(4) 

(5) 
(6) 

(7) 

(8) 

(9) 

where, the sky diffusion coefficient C depends upon the day of the 
month (C = 0.134 for June 21) 

I = Id + Io 

Roof Load 

( 10) 

The effect of radiation .is taken into account by considering the roof exposed 
to sol-a:ir temperature te, given by equation ( 11) 

te = t 0 + a.I/f0 (11) 

Since t
0 

and I vary over a period of 24 hours, the heat transfer through the 
roof .is (jeterm.ined by the solution of one-dimensional heat transfer equation(12) 

(12) 

The values of ~o can be taken from meteorological data and t.; as to._for the 
air flowing beJ.Ow the roof surface. Now for the solution o~ equauon (12), 
the surface temperature t and ~ are needed at a particular time. The 
temperature t . .is differenf for stilt and moving a:ir below the roof surface. 
These te m perafures can be determined by using f.in.inte difference approximation 
technique, as given in the literature (2). R efen:ing to figl.Jre (2), the relevant 
relations to determine the surface tern peratures are given by equations (13 & 14). 
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FIGURE 2. Nodal points .in roof for f.inite difference approx.im ation 

t
50 

= (Bi
0

.te + 2t 1)/(Bi0 + 2) 

t. = Bi .• t. + 2t2)/(Bi· + 2) Sl l l l 

( 13) 

( 14) 

After time l:::..'C. , the temperatures t 1 and t., at nodes 1 and 2 change to temper­
atures t; and t:z as given by equations ( 15 and 16) 

t1 = [(2 tso + t:z) + ( M-3)t1]/M 

t2 = [(2 tsi + t 1) + (M-3) t:zJIM 

where, M = (Ay)2/o< (A'C) 

(15) 

(16) 

( 17) 

The values of t . N for still and t . for m ov.ing air are determ.ined using 
corresponding vafiles of Bi (=f. Ay/kfl-.th equation (14). These values are then 
used .in equation (16) to determ.ine ~ for the two cases. In order to use the 
relations given by equations (13 and "15) it is first necessary to evaluate the 
value of t at a particular time. This value is then imposed as the outside 
boundary &ondition. In addition, an approximate temperature distribution 
through the roof at a certa.in time "t= O is to be assumed as a starting condition. 
The calculations are made to determ.ine the temperature disb:ibution at various 
nodes at time .intervalt..'C, 2 (A-C) etc. until the total time of 24 hours. The 
calculations are stopped, if at the end of 24 hours the same values as assumed 
are obta.ined, otherwise calculations are repeated with newly determ.ined 
temperature distribution. The iteration js carried out until the two values 
are .in agreement. Thus inside surface temperature of the roof is finally obta.ined. 
It is po.inted out that for stability of equations (15 and 16) and accuracy of 
results M should be taken as M q 3. There fore, a time .interval A1.: is so chosen 
that this condition is satisfied. In the present .investigation ~"t is taken as one 
hour. The heat load from the roof is then given by equations ( 18 and 19). 

Q = A. fiN (tsi.N - ti) 
Q 1 = A. fiM (tsi.M - l:j_) 

(18) 

(19) 

Heat Load Carried Away by Moving Air and Savrngin Roof Load 

F.irst the length of roof upto which the flow is lam.inar is determ.ined by 
equation (20) and then the heat transfer coefficient for the lam.inar portion 



><.J and the turbulent portion (x-xJ} of the roof .is determined (3) by equations 
(Z1 and 22). 

x1 = ( R e1) -Y /V 

h1 = 0.664 (Re1) 112 (Pr) 113 (k/x1) 

ht = 0.037 (k) (Pr) 113 (Viv )0•8 (x0•8 - x10.8)/(x-x
1

) 

(20) 

(21) 

(22) 

. In the above relations Re .is taken as 5x105 applicable for a flat plate and 
the properties of the air in the space between roof and false ceiling .is deter-
mined at the average of ti and tsiM. Now Q2, Q' and percent saving of roof 
heat load are calculated by equatiohs (23 to 25r, respectively. 

~ = (hlAl + htAt) (tsiM - ti) 

Q' = Q - (Q1 - Q2) 

percent saving= (Q'/Q) x 100 

CASE STUDY 

The folio wing particulars were chosen for the case study: 

Place : Roorkee, India (latitude 29.85°N ) 
Month and Date : June 21 

(23) 

(24) 

(25) 

Roaf partic~rs : Thickness 25 cm; width 1 m; made of concrete having 
OC.= 5x1o-'1 m Is, k = 1.279 W/mK, a= 0.9 
Parameters : V = 1, 1.5 and 2 m/s; x = 10, 20 and 30 m; S = 0°, 30° and 45° 
(inclined roof facing north-s2uth); time = 10 am to 5 pm at interval of ~ hour. 
Assumptions: fB = 23 W/m K (at V=12 km/h); fi=7,11,13 !3nd 15 W/m K (at 
V = o, 1, 1.5 an 2 m /s); 
Note: For inclined roofs, the north and south facing portions of the roof are 
considered separately and then the:ir total effect .is taken in determining Q, 
Q 1, Q 2 and percent saving. 

In view of lengthy calculations help of a computer was taken to determine 
the percent saving in roof load by the proposed scheme. In general, it varied 
from 1 to 22 percent. The effect of varlous parameters under study are now 
d.iscussed under results. 

RESULTS 

Effect of Air Velocity: 

Figure (3) shows the variation of percent saving on load with time . for an 
angle of inclination of 0° (flat roof) and length 10 m at velocities 1, 1.5 and 
2 m/s. The saving first rises from 10 am to 11 am and then decreases. Through­
out the day th.is saving .is largest at the higher air velocity of 2 m/s. Th.is 
is due to the reason that for a fixed x, as V increases, the length of laminar 
flow part decreases and that of turbulent part increases. Since the heat transfer 
coefficient in the turbulent cart is more than the laminar oart, an 
increase in turbulent length erihancies the total heat flow to the moving 
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air. Similar pattern was observed for other cases of varying roof length and 
at other angles of inclination of roof. 

Effect of Length 

Figure (4) shows the variation of percent saving in load with time for an angle 
of inclination 0° and air velocity of 2 m /s with varying length of 10,20 & 30 m. 
A gain the percent saving first incre.ases from 1 O am to 11 am and then decreases. 
It is also seen that as the length of roof increases, the percent saving first 
increases by about 2 percent at 20 m length and then this increase is 1 percent 
at 30 m length, both in comparison to that at 10 m length. At a given velocity 
the laminar flow length and its heat transfer to flowing air is fixed. The heat 
transfer to air from the turbulent portion of the roof length depends upon 
the value of v0·8 (x0·8 - x 0•8). With increase in x,this increases and thus 
the total heat transfer Q ihcreases. At the same time Q also increases in 
proportion to x. The net ~sult is that upto some value of length x, the ratio 
Q./Q first increases and then starts falling but the subsequent reduction is 
not appreciable. Thus an increase in length beyond some value may not be 
of great advantage. 

Effect of Angle of Inclination: 
Figure (5) shows the variation of percent saving in load with time for varying 
ci.ngle of inclination as 0° ,30° and 45° keeping air velocity of 2 m /s and roof 
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FIGURE 4. Showing the effect of roof length 
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length of 20 m as fixed for this study since these two had given maximum 
load sav.ing. Here aga.in the load sav.ing first .increases at 11 am and then 
decreases. 

It is also observed fro m the calculated results that the values of Q, Q 1 and 
Q .increase at higher angles as com pared to those at 0°. An examination 
of the data shows that at 30° the .increase ill Q is more than the corresponding 
mcrease ill (Q 1-Q7 ). Therefore, the ratio ( Q 1"."'Q 2 )1Q decreases which results 
iI1 an mcreased percent sav.ing of the roof loaa. "At 45° the mcrease ill Q is 
relatively less than the corresponding mcrease ill (Q 1-Q 2) which results .in 
an mcrease ill the ratio of (Q 1-Q?)IQ and hence a decrease iI1 percent sav.ing 
of the roof load. Thus from Figure (5) it is seen that out of the three angles 
considered 30° .inclination of the roof gave maximum sav.ing. 

Optimum Average Saving During the Day 

A1Q exa m.ination of the load sav.ing with the help of expression y0.8(x0.8 _ 
x1 ·

8)1x shows that the maxima would occur at smaller values of x for higher 
all' velocities. For the highest velocity of 2 m Is under .investigation, the maximum 
savmg is found at 20 m length. Thus the optimum parameters for the percent 
sav.ing are obtained as air velocity 2 m Is, roof length 20 m and angle of m~ 
ation of the roof as 30°. For this case the percent sav.ing iI1 load between 
10 am to 5 pm were averaged and this amounted to 17.4 percent. Thus sav.ing 
upto this order iI1 roof load may be obtal!1ed during the day by the proposed 
scheme. 

CONCLUSION 

By flow.ing outside air ill the space between roof and false ceiling the roof 
load reduction varies from 1 to 22 percent at various times of the day between 
10 am and 5 pm. The maximum sav.ing occurs at 11 am. The percent saving 
depends upon the air velocity, length and angle of .inclination of the roof. 
The optimum values of the above parameters ill the present case study are 
air velocity as 2 m Is, roof length as 20 m and angle of mclination of roof 
as 30°. For this com b.ination the average sav.ing iI1 roof load between 10 am 
and 5 pm is found to be 17.4 percent. Thus the proposed technique shows 
a potential for energy conservation ill airconditioned buildings. More research 
need be carried out on this aspect. 



NOMENCLATURE 
A area of roof 
a absorptivity of surface 
d declination angle 
f surface heat transfer coefficient 
h convective heat transfer coefficient 
k thermal conductivity 
L latitude of place 
m 
t 
w 
cc. 
~ 
A 

air mass 
temperature 
hour angle 
thermal diffusivity 
k:i!le m atic viscosity 
small increment 

8 
ez 
't 

angle of incidence of solar radiation 
zenith angle 

Bi 
Pr 
Re 

Suffix 
s 
T 
o,i 
l,t 
n,d ,D 

time 
Biot number 
Prandtl number 
Reynolds number 

surface 
tilted surface 
outside, inside 
laminar, turbulent flow 
normal, direct, diffuse radiations 
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