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EFFECT OF ROOF POND ON THE ENERGY AND EXERGY PERFORMANCE OF
A SINGLE SPACE BUILDING

A. H. N. Khalifa'

ABSTRACT

In a hot, arid zone, the load imposed on the building due to the roof is more than that for all the four walls; one of
the proposed solutions to this condition is to use the roof pond. Using roof pond can reverse the performance of
roof from heat source to heat sink that can withdraw the heat from building envelope. In this work a mathematical
model, using the complex Fourier series was built for a single space building. Ambient temperature, solar radiation,
and sol-air temperature have been treated as a periodic function of time. The effect of roof pond on the indoor
temperature, heat flow to the building, temperature distribution through walls and roof were studied, as well as an
exergy analysis to the roof pond was achieved. The result showed that using roof pond can reduce the mean indoor
temperature by about 4 °C as compared with a building using the traditional roof. The exergy analysis showed that
the maximum exergy efficiency conjunct with the maximum exergy destruction through roof pond.
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INTRODUCTION

Roof considered one of the major parts of the heat source to building enveloped during the summer season.
Thus, it is recommended, especially in hot, arid zones, to store an amount of water in the form of pond above the
exposed roof; this can help in mediate the room temperature by absorbing incident solar radiation on the roof by
water. During night, water loses heat to the cold environment by convection and radiation. While through daytime,
water still relatively cools, due to losing a part of absorbed heat by evaporation and radiation.

There are many works achieved on the roof pond. Sodha et al. [1] presented an analysis to reduce the
heat flux through exposed roof by a constant flow of water in a network of pipes buried in a roof, a periodic
solution of the one-dimensional partial differential equation was used. Sodha et al. [2] introduced a periodic
analysis of the open roof pond, based on the linearization of Dunkle's expressions. Srivastava and Tiwari [3] have
presented a periodic thermal model for an evaporative cooling system over the roof; three models were used,
namely open roof pond, water film and flowing water layer over exposed roof. Tang and Etzion, [4] developed a
simulation model to investigate and analysis of a roof pond with gunny bags floating on the water surface. In 2006,
Kharrufa and Adil, [5] has examined two types of roof pond in Baghdad city, the first one is water in the pool with
no fan and no cover while the second was with the pool and fan operational. The Performance of three passive
cooling systems; namely, water pond on a roof, water jacket on roof and radiation shield on the roof were assessed
experimentally and numerically by Sabzi et al.[6]. Hamdan and Al-Qudah, [7] have studied the performance of
solar ponds with nanoparticles; the results obtained were compared with that without nanoparticles. Andan et al
[8] have conduct an exergy based analysis for the building, for achieving thermal comfort of 23 °C, inside the
building envelope for the entire duration of 08:00 a.m. to 06:00 p.m. The analysis was further extended to the
various wall insulation conditions for a building and a comparison of their performance with respect to the exergy
and energy has been done.

In this work the performance of open roof pond works in Baghdad city at summer time was examined.
Indoor, outdoor conditions, heat flux through walls and roof and the amount of evaporated water from the pond
were set as a periodic function of time and solved by complex Fourier series. Indoor temperature and heat flux
from walls and roof for a building with roof pond were compared with that of a building with a three-layered
traditional roof. The Roof pond consists of water at a depth of 0.1 m followed by a concrete roof of 0.1 m thickness.
The traditional roof is built from 0.025 m cement mortar, 0.1 m sand, and 0.1 m concrete roof. The outer walls of
both buildings were built from 1 cm cement plaster, 0.24 m common brick and 5 cm gypsum plaster. Mathcad 15
software was used to solve the complex Fourier series.
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THERMAL MODELING OF THE ROOF
Ambient conditions

Ambient temperature, solar radiation and sol-air temperature can be assumed as periodic function of time;
ambient temperature may write in the form of Fourier series as follows [9]:

23
Tamb, = To + Z T,, . et (1)

t=0

The constants of Fourier series of Equation (1) are as follow:

23
1 (1.1)
To = ﬁz Tamb,
t=0
Ty =cly —i.c2py (1.2)
where:
1<
cl, = 1z Z Tamb . cos(m. w. t) (1.3)
m=1
18
2y = 1z z Tamb . sin(m. w. t) (1.4)
m=1
In the same manner, solar intensity in the form of Fourier series is:
2

6
IS]',t = I] + Z I],m . ei'm'“)t
m=1

Since the outer surface of building structure submitted to solar radiation as well as ambient temperature,
so, the use of ambient temperature alone in calculating room load is not accurate. Thus, the use of sol-air
temperature is more reasonable in calculating the room load. Sol-air temperature can be written as [10].

hy hy

Ts;j; = Tamb, + 3)

After calculation the soil-air temperature, it can be change to a periodic function of time. The sol-air for
building walls and roof in form of periodic function of time, as follow:

6
Tsol;, = Ts; + Z Ts; . €8 @

m=1

ROOF POND

Open roof pond was placed over a concrete roof of thickness X, the boundary conditions for the roof pond
that shown in Figure 1, are as follow:
at x=0

K dTry

. d = Q. IS4‘t - h4. (Tr(xzo‘t) - th) (5)
X x=0

The temperature distribution through concrete roof Try—q ) is written as periodic function as:
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6
Try = Al.x +B1+ Z (Al ePm* 4B, e PmX)etmot (6)
m=1
The variables (3, equals to:

i.m.w.pg-C
Bm = k%” (7)
R

Water temperature Twy is a periodic function of time, and can be written as:

6
Tw, = A2 + Z B2, . elmot ®)
m=1
at x=x
dTry ¢ )
-k d =h, ((Tr(x:x,t) — Tin,) 9
X lx=x

Where Tin, is the inside temperature of the unconditioned building, and can be writing as:

6
. 10
Tin, = A3 + Z B3, .etmet (10)
m=1
The thermal balance of the water in roof pond is:
dTw,
My Cy-—3— = AR. [tw- 1S4t — hy. (Tr(x=0,) — Tw;) — hs. (Tw, — Tamby) an

— hg. (Tw; — Tamby) — h;. (p,. Tw; — @.p,. Tamby)]
The method of calculating the convection, evaporation and radiation heat transfer coefficients mentioned above
will be shown later.
The time independent constants namely, Al, to A3 Bl to B3, and time dependent constants Al to

A3, and B1,, to B3, to be found as follows:
The differentiation of Equation (5) is:

—k.(B1 + Bm-Aly — Bm-Bly) = (I + Iym ) — hy. (B1+ Al + B1l, — A2 —B2,) (5.1)
Equation (5.1) can be separated into two equations; the first one is time independent equation:
—k.B1 = a.l, —h,. (B1 — A2) (5.1a)

And the time dependent equation is:

Figure 1. Roof pond construction
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—K. (B Aly — Brm-Blm) = Iy — hy (Al + Bl, —B2,) (5.1b)

After differentiation Equation (9), the time independent and dependent equations are:

—k.(Al.x + B1) = h,.(Al.x + B1 — A3) (9.1a)

—k. (Al By ePm*. +B1 . B e7PmX) = h,. (Al efm™ + Bl e PmX — B3 ) (9.1b)

The terms of equation (11) are either time independent or time dependent, and therefore can be separated
into two groups which should essentially be equal to a constant value. It was decided to assign an arbitrary value
of zero to the time independent term, since it has no effect on the relative physical behavior of the time dependent

group.
0 = AR[ty.1, — h,. (B1 — A2) — (hs + hy). (A2 — To) — h,. (p,.A2 — @.p,.To)] (11.1a)

i.m. wm,,.c, = AR[Ty. Iym — hy (Aly, + Bly — B2y) — (hs + hg). (B2 — Ty) (11.1b)
- h7- (pv- BZm - @ vam)]

By solving equations (5-1a), (5-1b), (9.1a), (9.1b), (11.1a) and (11.1b), the time dependent and
independent constants can be found, as shown in appendix (1).

The heat flow to the room from inner surface of the roof is:

Qroof, = h2,. AR(Tr(x=y ) — Tiny) (12)
Substituting Equations (6) and (8) in Equation (12) and rearrange yields:

6
ﬁ + UR.AR. Z (N6m. Iym + R7 . Ty — F7mB3m)- elmot (13)
h_2 X m=1

WALLS AND TRADITIONAL ROOF

The walls and the traditional roof are assumed to be consists of three layers, as shown in Figure 2. The
periodic temperature distribution through walls and roof layers are:

Qroof; = UR.AR

6
TW1;, = E1;.x1; + P1; + Z (ElpeYim™l, 4P1, e VimXlj)eimot (14.1)

m=1

6
TW2;, = E2;.x2; + P2; + Z (E2,eY?im*2j P2 e ¥2jmX2j)elmwt

m=1

(14.2)

6
. 14.3
TW3,;, = E3;.x3; + P3; + Z (E3pe?im™3, 4+P3, 7 Y3im*))elm et (143

m=1

where:

L.m. w.pl;.cl;
Yim= [———F (15.1)

K1,
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L. m. w. p2;. c2;
Yijm= |5 (15.2)

k2;

L. m. w. p3;.c3;

j
im= | 15.3
ygl:m k3] ( )
Walls and roof boundary conditions:
atx=0
dTW1;
—K1, Z = h1.(Tsol;, — TW1;,) (16)
x=0
At x=x1j
dTW1;, dTW2;
L e I (7
X=X1j X=X1;j
Tle't|x:x1j - Twzi‘t|xlej (18)
At x=x2j
dTW2; dTW3;
K K9 19)
dx X=X2; dx X=X2j
Twzj't|x:x2j = TWBi‘t|X:X2j (20)
At x= x3j
dTWS3;
jt _ .
—k3]- Ix = h2]-. (TWSLt — Tiny) (1)

X=X3j

Differentiate Equations (18 to 21) and separated them into time dependent and independent equations,
the constants E1, E2, E3, P1, P2, P3, Elm, E2m, E3m, P1m, P2m and P3m can be found as shown in appendix
(2). Heat flow through walls and roof from the inner surface of the building construction to the room equals to:

Qwall

roof

= h2;AW;. (TW3;, — Tin,) (22)

Substituting Equations (10) and (14.3) into Equation (22) and rearrange yields:

6
Qwall/roof;, = UW,. AW,. (Ts; — A3) + AW,.. Z (BT11,,. B3y, + BT12),,Tsj ). ™"
oo

(23)
=1
HEAT FLOW DUE TO FENESTRATION AND VENTILATION
Heat flow through window due to solar radiation equals:
Qglassj; = t5.Ag;.IS;; — hs. (Ting — Tamb,) 24)
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Heat flow due to ventilation is:
Qvent; = Myepe. C5. (Ting — Tamb,) — Myen. Ag. hfg (25)

Equations (24) and (25) can be solved by substitution of indoor and ambient temperature as mentioned
above.
The constants of the Equation (10) that represent the indoor temperature, namely A3 and A3m are as follows:
a- For building with roof pond:

A3 = C1+C2 (26.2)

™ m,.c,.w.m — UR.AR.F7,, + hs. Ag; + 2501. yene. Ag — 21-3=0(ij. BT11; )
(26.b)

C1 = UR.AR.I;;, + UR AR.R7,,,. Ty, + h3. Ag;. Ty
3
C2 = 2501. hyepe. Ag. Ty + &g Tg. I m Agj + Z(ij. BT12j 1. Iy (26.¢)
j=0
A3 ¥ o(UW,. AWI;) + UR. AR. C3.To + (2501. thyent. Ag). To + Tg. Ij . Ag; @75)
= .a
UR.AR + hy. Ag; + 2501. Myene. Agh, + 2o UW;. AW,
Where:
1 X
(rw — . UR G+ m)).14 + (hg + hg + 0..pyh,)
C3 = d I ” (27.b)
(h4 + hs + h6 + pV'h7) - UR. (h_z' + m). h4_
t_1 + ! b 28
UR h, hy, kR (28)
b- For building with traditional roof:
me m,. Co. .M + hy. Agj + 2501. tyene. Ag — Xy (Aw;. BT11),,)

o Y o(UW,. AWT;) + (2501. thyene. Agh, )- To + Tg. Ij . Ag; 30)

hs. Agj + 2501. yene. Agh, + Lo UW,. AW,

Substituting Equations (26.a) and (27.a) into Equation (11) yields the variation of indoor temperature for
a building with roof pond, while using Equations (29.b) and (30) into Equation (10) yields the indoor temperature
for a building with the traditional roof.

HEAT TRANSFER COEFFICIENT FOR ROOF POND

Figure 3 and Equation (11) show the heat balance of roof pond, the left-hand side of the Equation (11) is
the change in thermal storage of water. While the first term of the right-hand side is, the heat gains by water due
to the incident of solar radiation on the pond. The second term is part of this heat that transferred to the concrete
roof bellows the pond, heat lost to the environment by convection and radiation are the third and fourth terms
respectively. Finally, the last term is heat lost to the environment due to evaporation of water from the pond.

The upper surface of the water in the pond can be assumed as an upper surface of a hot plate. Thus, the
heat transfer coefficient between upper surface layer of pond and ambient air can be calculated as follows [11].
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Nu = 0.54Ra”® (30.1)
Ra, = g. B. (T, —U’ZI‘amb). L3 r (30.2)
A
Lc = ?P (30.3)
Pr is prandtl number, and equals to:
Cp.
Pr — pT“ (30.4)
The mass convection coefficient can be calculated as follows [12].
Sh = 0.54. (Gr. Sc)/* (31.1)
Where:
Sh is Sherwood number and equals to
Sh = h,.Lc (31.2)
Dap
D,g is a diffusion coefficient and calculated as follows [13].
Dpag = 1.87 X 10‘“’% (31.3)
Sc: Schmidt number, and equals to:
Sc=—— (31.4)
Dag
The irradiative heat transfer coefficient can be found using as follows.
hg = €.0. (Tw + Tamb). (Tw? + Tamb?) (32)

The convection heat transfer coefficient between the water layer and concrete roof can be calculated
using Equation (30.1) by replacing the thermal properties of air by that for water for Nu, Pr. and Ra numbers.

k| k2, |K3,

X=0 X=X1; X=X2; X=X3,

Figure 2. Walls/ roof construction
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IHRHERRERERS ¢ oy

Figure 3. Heat balance of roof the pond

EVAPORATION RATE FROM POND

The air layer receives water vapor from the upper layer of the pond. Thus, this thin layer of air become
saturated and lighter than the upper layer of the air and carrying an amount of water vapor. As this phenomenon is
repeated time by the time during the day, a significant mass of water evaporates from the pond. By assuming the
water surface is a horizontal heated plate facing upwards, the mass of water evaporated per hour per meter square
of pond area, can be calculated from the following formula [14].

EXERGY ANALYSIS OF ROOF POND

The exergy is defined as the maximum reversible work that can be achieved by a given mass of a working
substance, on the condition that, the mass undergoes an entirely reversible process until it reaches the equilibrium
state with its environment. From the definition above, it can be said that the exergy is the quality of energy. The
general exergy rate equation is [15].

%=Zl’hi&|}i—zme.¢e+ZQ.<1—%)—W+PO-6;_\Z_¢deSt (34)

The left-hand term of Equation (34) is the change of the exergy of a control volume with the time. The
first and second terms of the right-hand side of the equation are the exergy transfer due to the flow of a given mass.
The third is the exergy flow due to heat transfer, the fourth and fifth terms are the exergy transfer due to boundary
and shaft works, and finally, the last term is the destruction in exergy due to entropy generation.

Figure 4 shows the exergy flow of the water in the pond. Since the analysis of the pond depends on steady
state and there is no work accomplished by the pond, Equation (34) can be reduced to:

Waese =+ 9 Q (1-22) (35.1)

The first term of the left-hand side of Equation (35) is the exergy flow to the pond due to makeup water,
the second term of the equation is the summation of heat flow to or from the pond, including the exergy flow due
to solar radiation, this term is written as:

T,
Z Qt- (1 - ?0) = LI»’sol,t + llJconv,t + llJrad,t + llJevap,t + ll"conv/R,t (35.2)

Where, Y, ¢ is the exergy of the solar radiation on the water of pond [16].

s ieg (g2) -5
Wsol,t=IS¢. 3 \T,,. 3\Tyy, (35.3)

Weonv,e 18 the exergy due to convection heat transfer from the water surface, and equals to:
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Ty
wCOTlV,t = h’4' (TWL' - Tambt)' (1 - TWt> (354)

Wraq,t 18 the exergy due to radiation heat transfer from the water surface

Wraqt = he. (th - Tskyt) : (1 - %X,yt) (35.5)
Tsy: sky temperature and can be calculated as follows [17].
Topye = Tamby. [0.711 + 0.0056. Ty, + 0.000073TZ, + 0.013. cos(15. 9)] " (35.5b)
Where Ty« and Tamby in Kelvin and the dew point temperature Ty, in degree Celsius.
Wevap,t» 18 the exergy due to evaporation of water, and equals to:
Wevans = Mevap-hig: (1~ 0] 556
Weonv/r,t 18 the heat transfer by convection from the inner surface of the pond.
Weonv/rt = hs. (TW — Try). <1 - %) 35.7)

RESULTS AND DISCUSSION

Figure 5 shows the variation of solar intensity falls on different wall orientations and roof, in Baghdad,
at Aug. 21, 2012. The effect of using roof bond on the swinging of indoor temperature is shown in Figure 6. It can
be seen from the figure that, using roof pond instead of traditional roof reduces the mean indoor temperature
significantly, but the peak indoor temperature was shifted toward of solar noon by about 2 hours. This shifting may
have an adverse effect on the air conditioning unit since it is conjunct with the peak temperature of other walls.
The figure also shows that the swinging of outdoor temperature was damped for both traditional roof and roof
pond.

The temperature distribution through water in the pond, concrete roof bellows pond, and evaporation rate
from the pond are shown in Figure 7. It can be seen that the water in the pond has the minimum temperature,
followed by the concrete roof, and finally indoor temperature. The temperature distribution, shown in Figure 7,
gives a clear indication that the roof pond acts as heat sink to the heat stored in building, instead of the heat source
as in traditional roof. The rate of water evaporated from the pond is a function of the vapor pressure of the moist
air above the pond, and in turn, is a function of ambient temperature. That is, the trends of the rate of water

Wsol.t WEV&DI v conv.t Wrad.t

Mevap- Vi dSw;
dt

T v conv./Rt

Figure 4. Exergy analysis of the water in the pond
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Figure 5. Variation solar intensity on the walls and the roof at Baghdad, Aug. 21, 2012
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Figure 6. Variation outdoor and indoor temperature with time for the building with a roof pond and a
traditional roof
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Figure 7. Variation of the indoor, roof, evaporation rate and water temperature with time
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Figure 8. Variation of inside surface temperature of the building components with time.

evaporation follow ambient temperature as shown in Figure 7. Figure 8 shows the inner surface temperature of the
building construction, it can be seen that the maximum surface temperature is for the traditional roof, while the
roof pond has the minimum surface temperature.

Figure 9 shows the temperature distribution through the traditional roof as well as through the roof pond,
at different intervals of time. It can be seen from the figure that the outer surface temperature of the roof pond
temperature is stable along the day, and does not follow the swinging of outdoor temperature. While the outer
surface temperature of traditional roof effects strongly by the swinging of the outdoor temperature. Also, it can be
seen that the indoor temperature is less than inside surface temperature of the traditional and greater than that
temperature of the roof pond, the theory of heat sink and source that mentioned in Figure 7 appears clearly in this
figure. Figure 10 shows the temperature distribution through Western walls, for both rooms with traditional roof
and roof pond. It can be seen from the figure that, using roof pond improved the inside surface temperatures of
building walls. The trends of temperature distribution for both walls are the same since the composition of walls
are identical.

The rate of heat flow through building structures is shown in Figure 11. The figure shows that traditional
roof gives the major part of heat flow to the building while roof pond absorbed heat from building envelope.

The effect of water depth in the pond on the water temperature is shown in Figure 12. Although the water
temperature is affected by the water depth, but the effect is insignificant. The figure shows the variation of water
temperature due to water depth ranging from (-0.2) to (+0.2 °C). The thickness of concrete roof bellows pond has
significant on the inside surface temperature of the roof.

It can be seen from Figure 13 that as the thickness of roof increases, inside surface temperature of roof
increases also. These phenomena is due to the increasing of roof thermal mass, which tend to store the absorbed
heat from building envelope instead of passes it to the water above the roof. Increasing of inside roof temperature
reflects on the rate of heat transfer from building to the water, as shown in Figure 14. It can be seen from the figure

60
Outside — Trad} roof Inside Inside Tnside Inside Inside
~ | = Roofpond N —'-\
50 \
e \
g | \ M~ P
-9
- r T-room wreem
" _-__-__________._-—' | — __________..—-—-""" — | — I | —
Time O hr. 4 hr. 12 hr. 16 hr. 20 hr.

Figure 9. Temperature distribution through the traditional roof and the roof pond
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Figure 11. Variation of the rate heat flows to the building structure with the time

Figure 12. Effect of water depth in the pond on the variation of the water temperature

Temperature (°C)

3125 ‘ i ‘ i ‘ i ‘ i ‘ ‘ i ‘ ‘ T ‘ T ‘ T ‘ T
Water temperature
* 0.1 mdepth = 0.2mdepth
© 0.15mdepth * 0.25 m depth
31 — —
3075 | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ |

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Day time (hr)

that when roof thickness increases, less heat is absorbed from the building. The variation of exergy
transport due to heat flow by radiation, evaporation convection, and makeup water flow are shown in Figure 15.
The figure shows that the maximum exergy flow is due to evaporation of water from the pond, since evaporation
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of water conjunct with a high value of the latent heat of evaporation. The figure shows that the minimum
evaporation exergy flow is at 6 a.m. due to reduction in water temperature at that time, as the thermal storage of

39

RAERREEEEER Y
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38 —
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37 —
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Figure 13. Effect of the concrete layer thickness below the pond on the indoor temperature variation.
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Figure 14. Effect of the thickness of the concrete layer below the pond on the heat flow through the roof pond
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Figure 15. Exergy rate of makeup water, radiation, convection and evaporation heat transfer variation
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Figure 16. Solar exergy, roof convection exergy and the exergy destruction vs. day time.
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Figure 17. Exergy efficiency of the roof pond vs. time

roof pond reaches maximum at 4 p.m., therefore the exergy flow reaches its maximum value. The exergies flow
due other heat flows mentioned above are insignificant.

The exergy flow due to the solar incident on the water in the pond, heat flow through the roof, and exergy
destruction are shown in Figure 16. The figure indicates that the maximum exergy flow is due solar radiation. The
exergy destruction rate has followed by the intensity of solar radiation. The exergy efficiency of the pond is shown
in Figure 17. The maximum destruction in exergy gives the maximum exergy efficiency to the pond. Since the
objective of roof pond is to destruct the exergy of solar radiation before entering the building space.

CONCLUSIONS

Using roof pond in hot, arid zones can reduce the mean indoor temperature in hot summer by about 4°C.
Also, roof pond has damped the effect of outdoor condition on the indoor temperature. Using excessive mass of
roof bellows pond has the adverse effect on the building thermal performance. Using roof pond improved inside
temperature of building walls. Hence, less heat flows through walls to the building, in addition to, roof pond acts
as heat sink to the heat accumulated in building envelope. Maximum exergy flow is due solar radiation, followed
by convection heat through the roof, and evaporation heat flow. The maximum exergy destruction through roof
pond gives the maximum exergy efficiency to the pond. The mean exergy efficiency of such roof pond is about
64%.
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NOMENCLATURE

A2 Average value of water temperature, °C

A3 Average value of indoor temperature, °C

A Area, m?

B2, Amplitude of mth value of water temperature, °C

B3, Amplitude of mth value indoor temperature, °C

Ca Specific heat of air, kJ/kg K

cn; Specific heat of n layer in j wall of the wall/roof material, kJ/kg K

Cp Specific heat of air, kJ/kg K

Cr Specific heat of roof material, kJ/kg K

cw Specific heat of water, kl/kg K

Dag Diffusion coefficient, m*/s

g Acceleration due gravity m/s?

h, Coefficient of heat transfer by long-wave radiation and convection at the outer surface, kJ/hr. m2.
K

h, Coefficient of heat transfer by long-wave radiation and convection at the inner surface, kJ/hr. m2. K

h, Convective and radiative heat transfer coefficient of the glass, kJ/hr. m?. K

h, Heat transfer coefficient between water and outer surface of the roof, kJ/hr. m%. K

hs Convective heat transfer coefficient between the water surface and the ambient temperature kJ/hr.
m?. K

hg Radiative heat transfer coefficient between the water surface and the ambient temperature, kJ/hr.
m?. K

h, Mass convection coefficient, m/s

hgg Latent heat of evaporation of water, kJ/kg

L Solar radiation incidents on j-wall, kJ/hr m?

ljm Amplitude of mth value of solar intensity, kJ/hr m?

L Average value of solar intensity on jth wall, kJ/hr m?

IS¢ Solar intensity on jth wall, kJ/hr m?

kn; Thermal conductivity of n layer in j wall of the wall/roof material kJ/hr. m. K

kg Thermal conductivity of roof material, kJ/hr. m. K

Lc Characteristic length of the surface area of the pond, m

m Number of harmonic, for this work the value of m is 1to 6.

m Mass flow rate, kg/s

Nu Nussult number

P Pond perimeter, m

Pa atmospheric pressure (atm.)

P, Dead state pressure, kPa

Pr Prandtl number

Py Water vapour pressure in the atmospheric, kPa

Q Heat transfer to or from the control volume, kJ/hr

Ra Rayleigh number

Qroof; Heat flow through roof pond, kJ/hr.

Sc Schmidt number

Sh Sherwood number

Tamb, Ambient temperature , °C

Tin, Indoor temperature, °C

Tm Amplitude of nth value of ambient temperature, °C

T, Dead state temperature, K

Ts Water surface temperature, °C

Tsj ¢ Sol-air temperature to jth wall, °C
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Ts; Average value of sol-air temperature to jth wall, °C
Tsjm Amplitude of mth value of sol-air temperature, °C
Tsun The sun temperature, K

TW1; Temperature distribution through 1st layer of jth wall, °C
TW2; Temperature distribution through 2nd layer of jth wall, °C
TW3; Temperature distribution through third layer of jth wall, °C

Tw, Water temperature, °C, K.

\Y Volume,m?

\W Boundary work, kJ/hr

Subscript

i Inlet

e Exit

vent. Ventilation

conv. Convection

rad. Radiation

evap. Evaporation

conv/R convection heat through the roof

av Average

dp dew point

sol Sol-air

sky Sky

] number of the surface, walls and roof. j=0 for Western wall, j=1 for Northern wall, j=2 for Eastern

wall, j=3 for Southern wall and j=4 for roof

P Pond

R Roof

g Glass

dest. Destruction

Greek symbols

Q Absorptivity of j-surface for solar radiation

g Hemispherical emittance of j- surface

PR Density of roof material, (kg/m3

pn; Density of n layer in j wall of the wall/roof material , kg/m3

Psat Density of water vapour at water temperature, kg/m3

Py Density of water vapour at ambient temperature, kg/m3

Tg Transmittance of glass to solar radiation

Ty Transmittance of water to solar radiation
Exergy, kl/kg

€ Emissivity of water

[0) Relative humidity

AR; Difference between long-wave radiation incident on j-surface from sky and
surroundings and radiation emitted by the blackbody at outdoor air temperature,
kJ/hr.m2

Ag Difference between moisture content of the indoor and outdoor air (kgw/kga)

u Dynamic viscosity, N.s/m2

B Volume expansion coefficient, 1/K

(o) Stefan-Boltzmann constant equals, W/m2 - K4

v Kinematic viscosity, m2/s
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W Frequency of the time-harmonic signal 1/s
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APPENDIX 1
constants for temperature distribution through roof pond
Constants of roof pond
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APPENDIX 2
Constants for temperature distribution through triple layered walls/Roof
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