Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

A STUDY ON THE INFLUENCE OF THE FENESTRATION COMPONENT
ON THE COOLING LOAD CALCULATION USING THE HEAT BALANCE
METHOD

Alexandre M. S. Costa, amscosta@uem.br
Universidade Estadual de Maringa, Av. Colombo 5790, Bloco 104, Maringé, PR, CEP §7020-900

Abstract. In this work was analyzed the influence of the fenestration heat gain component on the results of cooling
load using the heat balance method. The heat balance method was first proposed in the middle 90s and incor porated in
the ASHRAE 2001 Handbook of Fundamentals. The method is based on the energy conservation principle, which is
applied to all surfaces (inner and outer sides) and to the air in the building. In this work, a brief review of the heat
balance method is also presented. Next, the fenestration component is discussed. The fenestration term refers to the
glazing apertures (windows) existing in a building to be air-conditioned. Fenestrations are important elements to be
considered when doing cooling load calculations. It is shown that the quantifying of the heat gain through
fenestrations obeys to different methodol ogies from the used for opaque surfaces. Such methodologies are different in
two aspects. solar radiation and conduction. In quantifying the solar radiation through windows, reflection,
absorption and transmission should be considered altogether. The thermal inertia of the glazing materials should be
considered for the transient conduction quantifying. This work is concluded with the presentation and discussion of the
results of cooling load for an example room with different glazing materials.
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1. INTRODUCTION

The use of air conditioning was proven to be advantageous not only for human comfort, but also for controlling the
environment (temperature, humidity and air quality) during processing of several products (e.g., electronics,
pharmaceuticals, food, textiles and chemicals).

One of the prior steps during the design of air conditioning systems is related to the calculations of energy
requirements for keeping a zone in desirable temperature, humidity and air quality. Such calculations will be referred
here as cooling load calculations.

The computers advent in the second half of the last century, make possible the application of different
methodologies for cooling load calculations. One of the most applied methodologies is the TETD/TA (total equivalent
temperature differential method with time averaging). Originally presented in the 1967 ASHRAE Handbook of
Fundamentals, this method does not require iterations and is convenient for spreadsheet implementation. On the other
hand, its use is complicated by a number of empirical variables. Paying attention to these difficulties for the TETD/TA
and similar methods, Liesen and Pedersen (1997), Pedersen €t al. (1997), McClellan and Pedersen (1997), Pedersen et
al. (1998) had proposed a more rigorous method, published in the 2000 ASHRAE Handbook of Fundamentals, based on
the energy conservation and termed Heat Balance Method.

2. FUNDAMENTALS OF THE HEAT BALANCE METHOD

The heat balance method involves four distinct processes.

- Outside face heat balance

- Wall conduction

- Inside face heat balance

- Air heat balance

During the quantifying of these processes three fundamentals hypothesis are made:

- The air in the zone is modeled as well mixed, i.e., uniform temperature throughout the zone.

- The surfaces of the zone (walls, windows, floor, ceiling) have uniform temperatures and radiant properties are
uniform and diffuse

- The conduction is treated as one-dimensional.

The heat balance method assures the energy conservation for the balances made for the surfaces and for the air zone.
The method involves the simultaneous solution of thermal balance equations for the zone air, interior surfaces, floor,
ceiling, inner and outer wall sides. Next, is shown a summary of these balance equations for opaque surfaces, where Eqs
(1), (9) and (22) represents the balances for external surfaces, internal surfaces and zone air, respectively. . A more
detailed discussion of these equations is presented in Costa et al. (2006).

The heat balance in W/m? for the external surface j in the hour ©:

qcond,ext.j,e = qsolar,ext,j,e + qconv,ext,j,e + qrad,ext,j,e (1)



The absorbed solar radiation, external convective exchange and the external radiation exchange are given by:

qsolar JexXt,j, 0 =a. G (2)
qconv,ext,j,e = hc,ext (to - tos,j,e) (3)
qrad,ext,j,e = hr,g (tg - tos,j,ﬁ) + hr,sky (tsky - tos,j,ﬁ) (4)
Where
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From Eq. (2), “G,” is the total solar irradiation in W/m? and “o.” is the surface absorptivity. “G,” is composed by
direct, diffuse and reflected terms, which are function of angles measured from wall, solar rays and ground.

“t,” and “t;” are the outdoor and indoor air dry bulb temperature (in C).

Typical correlations for the convection coefficients “hey” and “hgi”” used in Eqs. (3) and (14) are given in
Incropera and DeWitt (2002).

In Eq. (4), the radiation exchange with low temperature sources (i.e., long wavelength) is modeled considering
opaque, diffuse and gray surfaces. In this way, the radiation exchange to the atmosphere is modeled as radiation to a

hypothetical surface with an effective sky temperature “t Sky”. Other radiation parameters are: , the surface

emlsswlty, “g”, the Stefan-Boltzmann constant (= 5.67.10° W/(m>K*) ); “F,¢”, the view factor surface to ground;
“Fssky” > the view factor surface to sky; “t,”, the ground temperature.
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The external conduction flux is given by Eqs. (6) and (7):

qcond,ext.j,e Y tlS] 0 + X tOS_] 0 Hext,j,e (6)
Ny Ng

ext,J 9 Z n “is,j,0-nd + ZXntos,j,e—nS + Z(pnqcond,ext,j,e—nS (7)
n=1 n=1

From Eq. (7), “Yn”, “Xy”?, “Z,”, and “¢,” are conduction transfer function (CTF) coefficients based on material type
and surface thickness. Typical values for the coefficients are given in McQuiston et al. (2000).
Also from Eq. (7), “tis j 6-ns~ refers to interior j surface temperature in the time “0 - n5”.

The external surface temperature:

+Y,t..,—H

a.G, + h t,+h t +h o0 .

t X r,sk sk
t — Y “SKy

0 X,+h,, +h,+h

is,j,0

c,ext r,sky

It should be pointed that Eq. (8) is solved iteratively because the heat exchange coefficients “h. ¢y, “h.” and.”h, g
depends on its external surface temperature. A similar iterative procedure is required for the internal surface
temperatures given by Eq. (21).

The heat balance for the interior surface j in the hour 6:

qcond,int,j,e + qsolar,int,j,e = qconv,int,j,e + qrad,int,j,e (9)

The interior conduction flux is given by:

q,c’ond,int,j,e Z tlS,J 0 +Y0tos,J 0 Hmt,_] 0 (10)
Nq

mtJ 6 Z Zn is,j,0-nd Z n - 0s,j,0-nd Z (\Dn qcond,intd,ﬁ—nﬁ (1 1)
n=1

Transmitted solar radiation for interior sides of all surfaces except floor, and for the floor:
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In all equations, “A” is the surface area and “N” is the number of surfaces.
Interior convective exchange

Qeonvinejo = Deim (tisjo — ) (14)
Radiation exchange components for interior side of surfaces

qrad,int,j,e = - qrad-int,in,j,e + qrad-surf,int,j,e (15)

The first right hand side term in Eq.(15) is the radiant exchange due to internal heat sources and is given by Eq. (16)
divided by the total internal surfaces area.
The radiation exchange component due to M internal sources

M
qrad-inl,in,j,O = Z C.lk,e Eoax (16)
=1

From Egs. (16) and (27), “Fony J-” and “F,q\” represents the convective and radiant fractions for internal heat sources
(people, equipments and lights). The convective fractions corresponds to the instantaneous heat exchange with the zone
air whereas the radiant fraction corresponds to radiation heat exchange with the zone internal surfaces.

The second right hand side term in Eq. (15) is the radiation exchange between the internal surfaces. This exchange is

modeled using the mean radiant temperature (MRT) approach given in Egs. (17) t0.(20). In this approach “q; " is a

correction term for closing the balance. Therefore, the radiation exchange component is given by:

qrad—surf,int,j,e = hr,j (tis,j,e - tf»j ) - qi;al (17)
st 1 (18)
_ j fj . —
h"jich’ft.—t. ' Fj’fil—a A |-
i I i i
Sj AfJ Sf,j
N ZN:t:‘A] (1 —SU) ZN:S.t\s,..uA|(l_8u) (19)
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Interior surface temperature:

hc,im G Qragineingo Thty +qp, t YOtosJ,6+ Hinj,e T Qyorinejo

tuga = o e
ZO+ hc,im+ hnj
Zone air heat balance:
qconv,air,9+ qinf,9 + qsist,@ + qint,conv,9 = O ; (22)

Convective exchange for zone air:



N
qconv,ar,e = Z Aj q::’onv,in,jﬁ (23)

i=1

Heat exchange due to air infiltration:

qinf,e = qinf,sens,9 + qinf,latent,G (24)
qinf,sens,G = macp (to - ti ) (25)
qinf,latent,@ = ma (Wo _Wi ) hfg (26)

From Eqs (25) and (26): “rn, ” is the infiltration dry air mass flux, “c,” , air specific heat at constant pressure, “w,”

and “w;”, absolute humidity for external and internal air , respectively; “hg,”, water vaporization enthalpy.

In Eq. (22), “ qsist’e“ is the system load. It corresponds to the heat that must be extracted by the air conditioning

equipment.

The convective exchange due to M internal sources:

M
qint,conv,O = z qj,O Fconv,j (27)

=1

It should be pointed that (], ” and “qy;, ” terms in Egs. (12) and (13) are related to the fenestration components

and will discussed in detail in section 4. In the next section is presented the solution procedure.

3.

O IN N WN -

HEAT BALANCE METHOD CALCULATION SCHEME

The calculation steps for the heat balance method are given next:

. Areas, properties and initial temperatures for surfaces during a 24 hour period.

. Total solar irradiation and transmitted solar for all surfaces during the period.

. Distribute the transmitted solar radiation for all internal surfaces during the period.

. Specify all the internal heat sources during the period.

. Distribute the radiation and convective fraction from internal heat sources for all surfaces during the period.
. Calculate heat exchange due to air infiltration.

. Iterate and verify convergence for conduction fluxes according to Fig. 1.

. Show the results

For Daylter = 1 to MaxlIterDay
For 6 =1 to 24 (daily hours)
For Surflter = 1 to MaxlIterSurf

Forj=1toN
Solve Egs. (8) and (21)
Next j

Check surfaces temperature convergence
Case divergence, next Surflter
Solve Eq. (22) for 4,
Next 6
Check conduction fluxes convergence.
Case divergence, next Daylter

Figure 1. Heat balance cooling load calculation algorithm
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4. FENESTRATION

The term fenestration refers to any aperture in a building with allowance for solar radiation passage. Usually the
fenestration is associated with windows, their glazing materials, geometric form and shading devices. The radiation that
strikes an unshaded window is divided between the reflected, absorbed and transmitted portion. In its turn, absorbed
radiation is divided in an inward directed and an outward directed portion. Therefore, the heat flux due to solar radiation
is the sum of the transmitted and inward directed portion. Because heat is also conducted through the glass whenever
there is an outdoor-indoor temperature difference, the total heat balance for the windows must also include the
conduction.

To solve all the complexities involved in fenestration one has to take into account the size of the window, their
monochromatic radiation response properties and the sunbeam angle. All these complexities are solved with the spectral
method. The spectral method involves the development of the solar heat gain coefficient, the fraction of the incident
irradiance (i.e., incident solar energy) that passes through the window and penetrates in the zone.

The results of the spectral method are summarized by the TSHGF and ASHGF factors. The transmitted solar
radiation that occurs in a unit area of standard (DSA) glass for a given orientation and time is referred to as the
transmitted solar heat gain factor (TSHGF). Its units are given in W/m?. Similarly, the absorbed solar inward directed
heat gain that occurs in a unit area of standard glass (DSA) for a given orientation and time is referred to as the
absorbed solar heat gain factor (ASHGF). Equations (28) and (29) gives the expressions for these two factors:

> . >t
TSHGF =G| Y t[cos®) | +G, 2D —L (28)
=0 o 112
3 , > a.
ASHGF =G| Y a[cos®F | +G, | 2> —= (29)
i=0 o0 JT2

In the previous equations: “Gp” is the direct incident solar irradiation, “Gy” is the diffuse incident solar irradiation,
“0®” is the solar incidence angle.

From Eq. (28) the terms enclosed in parentheses represents transmissivity for direct and diffuse solar radiation,
respectively. While at the same time, absorptivity for direct and diffuse solar radiation is given by the terms in
parentheses from Eq. (29).

The coefficients “t;” and “a;” are related to the transmissivity and absorptivity for the standard glass. Their values are
presented in the 2001 Fundamentals ASHRAE handbook.

Procedures for estimating solar heat gain assumes that a constant ratio exists between the solar heat gain through any
given type of fenestration system and the solar heat gain through the standard (DSA) glass. SC abbreviates this ratio,
called the shading coefficient. Thus for any type of glass the transmitted solar radiation is given by:

TSHG = SC TSHGF (30)

h.
ASHG = SC ASHGF| ——<it 31)

c,int c,ext

The units of the transmitted and absorbed solar radiation flux, TSHG and ASHG, are given inW/m>.
At this point should be mentioned that previous section terms “(,.  and ”q gir _in Egs. (12) and (13) are obtained

by multiplying sunlit and shaded areas, “Ag.” and “Agage” , of windows, by the first and second terms of the right hand
side of Eq.(28).

For the closure of the heat balance cooling load calculation procedure a balance for windows should be made. The
heat balance on windows must be treated differently than the heat balances on walls and roofs (Egs. (1) and (9)). For
this case, the following simplifying assumptions will be made:

A window contains very little thermal mass, so we will assume that it behaves in a quasi-steady-state mode.

The conductive resistances will be neglected in comparison with convective and radiant resistances. In this way, it
has a uniform temperature.

Figure 1 shows the heat fluxes considered for a single pane window.

Writing the balance, results:



q conv,int j,0

Figure 2. Schematics of heat balance processes in a single pane window

qsolar,ext,j,e + qconv,exl,j,e + qrad,ext,j,e = qconv,int,j,e + qrad,int,j,e (32)
When solved for the temperature “tyindgow,jo > the single pane window balance given in Eq. (32) produces:

a"Gt + h t0+ hr,gtg+ hr,skytsky + hc,im ti + qrad—int,in,j,9+ h it +qgal

¢ o= c,ext rj fj (33)
window,j,0
hc,int + hr,j+ hc,ext + hr,g+ hr,sky
Equation (33) should be added to the set given by Egs. (8) and (21) in the algorithm given in section 3.
5. RESULTS

The heat balance calculation procedure for cooling load described in section 3 was implemented, using the
Mathematica software, for a example zone with a single room located at —23° S 25” W. Figure 3 illustrates the room
geometry. The area values for the floor, ceiling, north, east, west, south and window surfaces are: 90, 90, 36, 36, 36,
28 and 8 m?, respectively.

The following single values were used: ¢ = 0.9, ;=22 C, q_, dintinjo = 0.9 W/ m’, F, =0.5, Fogy =0.5,A4=0.8

Awindow s tsky =t - 6 K7
The following assumptions were made:
- The outside surface and outdoors temperature are already known for all 24 hours period

2

- Except for qsist’e” and “ qmm’aine all the zone air heat balance terms in Eq. (22) were negligible;

- The reflected terms for calculating “G;” were negligible;

- The ground temperature was assumed equal to the air;

- All the surfaces except south does not receive solar radiation.

Figure 4 (a) shows the outside surface and outdoor temperature distribution for the period. Figure (b) presents the
values for the direct and diffuse radiation. The values for Fig 4 (b) are also known in advance.
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Figure 3. Geometric description for the single room example (north wall not shown)
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Figure 4. Temperature and radiation distributions: (a) outside surface and outdoor temperature, (b) direct and diffuse
solar radiation

Some typical values after the calculations are given in Fig. 5(a) and Fig. 5(b). The calculated conduction flux for the
first and last iterations are given in Fig. 5(a). Figure 5(b) presents a typical calculated system load. Comparison with
Figs. 4(a) and 4(b) shows that the sinusoidal nature of the known “t,s” and “t,” given in Fig. 4(a) is also observed for the
conduction flux and equipment load, although the respective peaks and valleys occurs at different hours.

The effect of neglecting the heat balance equation for the window (Eq. 33) on temperature for a typical wall is
shown in Figs. 6(a). As can be seen the effect on the temperature is very small and more noticeable for the nightly
hours. Figure 6(b) presents the effect on the system load.

The effect of shading coefficient variation, corresponding to different glazing materials, is shown in Fig 7(a) and
7(b) for wall and window temperatures. Analysis shows very small dependence of the shading coefficients. From Fig.
7(a), a small difference is more noticeable for walls during afternoon hours.

Figure 8(a) presents the effect of using different external to internal convection coefficient ratios on the window
temperature. The differences between temperatures are more noticeable than previous cases. As can also be observed
the higher ratio produces a small temperature for the early hours. Figure 8(b) shows that the effect on the system load is
negligible.
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Figure 5. (a) Typical conduction flux for the 1 and 6™ iteration, (b) equipment cooling load
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Figure 8. Effect of the relation between convective coefficients: (a) window temperature, (b) equipment cooling load
6.CONCLUSIONS

The heat balance method allows for precisely considering the effect of the fenestration in the total cooling load.
Ours results for an example room suggests that including a separate balance equation for the window does not introduce
significant deviation. Also, from our results, the type of glazing does not result in significant differences in
temperatures. The effect of different convective conditions points to more noticeable temperature differences. Finally,
the results for the system load points to no dependence of the fenestration related parameters used in this study..
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