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Chapter 4 

 
 

Solar Heat Gain from Windows 
 
 
When the solar radiation falls on glass windows, most of it is transmitted through 
the window and ultimately appears as the cooling load of an interior space. Since the 
glass window area of modern buildings is comparatively large, a large part of the 
space cooling load is considered to be caused by solar radiation through glass 
windows. Various types of shading devices are being used to reduce the heat from 
the sun through windows and, from the standpoint of air conditioning, it is necessary 
to establish a method of estimating accurate values of cooling load for different 
kinds of glass and shading combinations. Information on this is published in 
reference books on air conditioning design [4.1, 4.2], but the available data are not 
sufficient for more precise calculations. The solar radiation that enters the space 
through fenestration, which is called the solar heat gain, would not be exactly equal 
to the required rate of heat to be removed from the space to keep the occupied zone 
comfortable, which is called the cooling load. Most of the solar heat gain is absorbed 
by and stored in the building structure, coming back into the space later on by 
convection. This process is important for estimating the cooling load associated with 
solar radiation through windows. 

In this chapter, therefore, successive consideration is to be given to  

1. solar radiation transmitted through unshaded windows, 
2. solar radiation transmitted through windows with external shading, 
3. solar heat gain from windows, with internal shading and 
4. cooling load associated with solar heat gain. 

 
 
 

4.1.  ABSORPTION, REFLEXION AND TRANSMISSION OF SOLAR 
RADIATION FOR SHEET GLASS 

 
 

A part of solar radiation incident upon the glass surface is transmitted through 
the glass, a part of it absorbed by the glass and the remainder reflected towards 
outside. The mechanism of these three components can be expressed by surface 
reflectance and absorption coefficient inherent to the glass concerned. 

The surface reflectance is defined as the fraction of reflected radiation at the 
outer or inner surface of a sheet glass and given by the following expression derived 
from Fresnel’s equation, viz., 
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where r = surface reflectance, i = angle of incidence and i′ = angle of refraction. 
 

 
Fig. 4.1.  Process of absorption within the glass by multiple reflection at surfaces. 

 
Referring to Fig. 4.1, at point A, where unit energy is incident, r is reflected and 

(1 – r) refracted into the substance of the sheet glass, being gradually absorbed as it 
proceeds. Part of the energy is absorbed within the glass until it reaches point B at 
the other surface. The fraction absorbed can be expressed by the following formula: 
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where l = thickness of the sheet glass (mm) and k = absorption coefficient (mm−1). 
Absorption coefficient k is a characteristic of the glass and the value of it for regular 
sheet glass is around 0･02/mm. As the value of a is determined by the product kl, it 
is convenient to use kl for a respective sheet of glass. 

Necessary information is transmissivity and absorptivity related to the angle of 
incidence. In most practical cases the angle of incidence is known from the problem 
concerned. Figure 4.2 shows the relationship between transmissivity or absorptivity 
and the angle of incidence for regular clear glass and grey heat absorbing glass.  

The transmissivity of sheet glass also varies with different wavelengths of 
radiation, as shown in Fig. 4.3. It is important to note that the transmissivity of glass 
is essentially zero for long wavelength radiation, whereas glass is transparent for the 
visible range in which solar radiation intensity is the highest.  

This is the reason why a greenhouse covered by only one sheet of glass can give  
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Fig. 4.2.  Transmissivity and absorptivity of glass for solar radiation with angle of 

incidence. 

a considerable warmth inside. The glass covering admits a large amount of solar 
radiation for the plants inside and absorbs the long wavelength radiation emitted by 
the plants, thus reducing the heat loss. Glass windows of buildings also exert the 
same effect as a greenhouse, because they not only introduce sunlight into the 
occupied space but also reduce the heat loss by absorbing radiation from objects in 
the room. In general, for this reason, this effect is called the greenhouse effect. 

 
Fig. 4.3.  Spectral transmissivity of various kinds of glass. 

 
In air conditioning practices, however, it is seldom made to consider what the 

transmissivity of glass against wavelength is. As this is sometimes rather important, 
some simplification is attempted by the author to give approximate figures for four 
wavelength bands of solar spectrum as shown in Table 4.1. 
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Again referring to Fig. 4.1, an unit energy incident at A, (1 − r) a is absorbed and 
(1 − r)(1 – a) reaches point B, where (1 − r)(1 – a)r is reflected back towards C and 
(1 − r)2(1 − a) refracted towards the inside space to become a part of the transmitted 
component. Looking at the process of reflection and refraction further from point B 
to point C at the outer surface, (1 − r) (1 – a) ra is absorbed and (1 − r)2(1 – a)2r 
refracted toward the outside becoming a part of the reflected component in relation 
to the original unit input energy. Subsequent repetition of reflection and refraction 
takes place, while energy is absorbed in the sheet glass. As a result, absorptivity α, 
reflectivity ρ and transmissivity τ of the sheet glass can be given as the summation 
of the infinite series of respective components during the process to be expressed as 
follows: 
 

Table 4.1 
Transmissivity of various kinds of glass for different range of wavelength 
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The absorptivity, reflectivity and transmissivity depend on the angle of incidence 

i and angle of refraction i’ as can be understood from the relationships given by eqns. 
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(4.1)−(4.5). As Snell's law states that: 

 
i
in
′

=
sin
sin  (4.6) 

where n is refractivity and α, ρ and τ may be expressed in the functions of angle of 
incidence, using the relationship: 

 1=++ τρα  (4.7) 

The transmissivity and the absorptivity of sheet glass for diffuse radiation could 
be obtained by integrating the transmissivity for different angle of incidence over 
hemispherical solid angle. 

 i i iττ i
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where τi = transmissivity for angle of incidence i, αi = absorptivity for angle of 
incidence i, τd = transmissivity for diffuse radiation, αd = absorptivity for diffuse 
radiation. 

When the window consists of two panes of glass, overall transmissivity, overall 
reflectivity and overall absorptivity must be considered taking multiple repetitions of 
transmission, reflection and absorption by each pane as shown in Fig. 4.4. These 
items can be expressed by the summation of infinite series as follows: 

 
2 

Fig. 4.4.  Oveall transmissivity, reflectivity and absorptivity of double glazing. 

 

τ1 

τ1ρ2
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(4.10) 

 
  (4.11) 

 
 

  (4.12) 
 
 

  (4.13) 
 
 

where τ12 = overall transmissivity for double glazing, ρ12 = overall reflectivity for 
double glazing, 21　α  = overall absorptivity by pane 1 for double glazing, 21α 　

= 
overall absorptivity by pane 2 for double glazing, τ1, τ2 = transmissivity of pane 1 
and pane 2 respectively, ρ1, ρ2 = reflectivity of pane 1 and pane 2 respectively and α1, 
α2 = absorptivity of pane l and pane 2 respectively. 
 
 
 

4.2.  SOLAR HEAT GAIN FROM GLASS WINDOWS OF DIFFERENT 
ORIENTATION 

 
 

Windows are oriented to different directions depending upon the placing of a 
building in relation to the building site. Solar radiation for different orientations can 
be estimated by the formulas given in Chapter 1 both for direct and diffuse 
components. Combining the transmissivity of sheet glass as described in the 
preceding section with the amount of solar radiation for the orientation of the 
window, the solar radiation transmitted through glass can be obtained. In addition, 
the solar radiation absorbed by the window glass is partly transferred to the room by 
convection and radiation. Thus, the so-called solar heat gain from a glass window qG 
is defined as the summation of the transmitted component qτ, and the surface heat 
transfer component of the solar radiation absorbed by the glass qα as shown in Fig. 
4.5, namely,  

 αG qqq τ +=  (4.14) 

where qG = solar heat gain from glass windows (Wm−2), 

 ddDD IτIτqτ +=  (4.15) 
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Fig. 4.5.  Absorption and transmission of solar radiation upon glass. 

 

where τD = transmissivity of glass for direct solar radiation, ID = direct solar radiation 
upon the glass (Wm−2), τd = transmissivity of glass for diffuse solar radiation and Id 
= diffuse solar radiation upon the glass (Wm−2), 
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where αo = outside film coefficient (Wm−2 deg C−1), αi = inside film coefficient 
(Wm−2 deg C−1), αD = absorptivity of glass for direct solar radiation and αd = 
absorptivity of glass for diffuse solar radiation. 

The values of τD in eqn. (4.15) and αD in eqn. (4.16) should be consistent with 
the angle of incidence of the direct solar radiation upon the glass surface in reference 
to the relationship as shown in Fig. 4.2. 

The value of qG for a single pane of regular clear glass of 3 mm thick is being 
used as a standard solar heat gain from a glass window. The idea is that the solar 
heat gain from a particular type of window or windows with shading is obtained by 
multiplying the standard solar heat gain by a shading coefficient, viz., 

 GSsG qkq =  (4.17) 

where qG = solar heat gain from a given window (Wm−2). qGS = standard solar heat 
gain from glass window (Wm−2), and kS = shading coefficient. 

The actual values of standard solar heat gain from a glass window for principal 
window orientations and for standard locality and shading coefficient data for 
different shading arrangements are usually prepared, so that one can easily estimate 
solar heat gain from the window concerned. 

Table 4.2 shows a list of the standard solar heat gain values from a glass window 
prepared by SHASE (Society of Heating, Air-conditioning and Sanitary Engineers of 
Japan) for Tokyo as a representative urban area in the latitude of 35° N because most 
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of the large cities of Japan lie in the vicinity of that latitude. 
One might inquire as to how to incorporate the effect of nocturnal radiation with 

eqn. (4.16) where the combined film coefficient is involved. This is a good point, but 
the answer to this inquiry is rather simple; that is if the effect of nocturnal radiation 
is expressed in the form of equivalent temperature drop, this effect is to be taken into 
account in the heat gain across glass window due to the temperature difference 
between inside and outside as can be understood from eqn. (3.37). This procedure 
may be considered in a first approximation method, but for more accurate 
calculations the iteration procedure must be used as explained in Section 3.5 instead  
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of relying on the standard solar heat gain from glass windows.  
The data for shading coefficients of different shading arrangements have been 

published. The ASHRAE Handbook of Fundamentals offers a good range of shading 
coefficients data. Most of these data are derived from the experimental studies 
carried out by Pennington, Parmelee and others over a long period of time. Table 4.3 
shows a list of shading coefficients useful for estimating solar heat gain from glass 
windows. 
 

Table 4.3 

Shading coefficients [4.1] 

 
 
 

4.3. EXPERIMENTAL DETERMINATION OF COOLING LOAD 
ASSOCIATED WITH SOLAR HEAT GAIN 

 
 

Solar heat gain is the instantaneous rate of heat flow into the occupied space in 
the form of radiation and convection and is different from the cooling load. The 
cooling load is the rate of flow of heat to be extracted from the space to maintain the 
room air temperature at the required level. Thus, the convection component of the 
solar heat gain can be regarded as becoming a cooling load instantaneously, whereas 
the radiation component would appear as a cooling load with a time delay after 
being stored in the building structure instead of being directly transferred to the 
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room air. Then, the diurnal variation of cooling load caused by solar radiation from 
windows shows a different pattern from the variation of solar heat gain. 

In air conditioning design practice the storage load factor proposed by the 
Carrier Company [4.2] has been quite extensively used for determination of peak 
cooling load caused by solar heat gain. The storage load factor is defined as the 
variable ratio of solar cooling load to the maximum fixed value of solar heat gain for 
a given orientation and is denoted as SLFn for time t = n∆t to be expressed as 
follows: 

 
gainheat solar  ousinstantane maximum

 at timeradiation solar   todue load coolingSLF n
n =  (4.18) 

It is not clear, however, whether the storage load factor is based on any special 
experiments or only on theoretical studies. 

A comparison was made between the published SLFn, and the calculated SLFn 
form the data obtained by an experiment with the prototype calorimeter room with 
2m2 of glass window facing west, with a 12cm thick concrete slab, and with a 
fan-coil unit to extract heat from the space. Figure 4.6 illustrates the section of the 
prototype calorimeter room of Waseda University [4.3] and Fig. 4.7 shows the 
results of comparison. 

It can be seen that the variation of SLF for August 13 is almost equal to that of 
August 14. These results seem to be somewhat larger than Carrier’s data around 
peak conditions, but in general both data are close enough to give a realistic 
reference for air conditioning design when the storage effects of the building 
structure are to be considered. 
 

 
Fig. 4.6.  Prototype calorimeter room to measure solar heat from window  

at Waseda University [4.3]. Dimensions in millimeters. 
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Fig. 4.7.  Comparison of SLF [4.3]. (○―○) From experiment on Aug.13, 1963; 
(●―●) from experiment on Aug. 14, 1963; (×―-―×) Carrier, 24h operation; 

(×―----×) Carrier 12h operation. 
 

There is a second version of a calorimeter room to measure the cooling load 
caused by solar radiation upon the windows surface located in the Ohbayashi-gumi 
Engineering Research Laboratory [4.4]. This is a revolving type so that the glass 
window surface can be oriented to any direction to do experiments with different 
window orientations and with window orientations of any actual building. Figure 
4.8(a) shows the view from outside and Fig. 4.8(b and c) show two sections of the 
calorimeter room. The inside dimensions of the room are 4m×4m×2m and the 
room is constructed of 12cm thick precast concrete panels. Two fan-coil units are 
placed inside to supply air regulated by an electropneumatic type of PID activated 
controller, maintaining the space temperature constant. Two-way valves are used to 
pick up warm water and cold water in the storage tanks beneath the floor of machine 
room to the proportion indicated by the variation of space cooling load. The guard 
space is provided presupposing the room to be part of a multi-storied building and 
the air temperature there is controlled to be equal to that of the room air. The 
schematic diagram of the piping system is shown in Fig. 4.9. 

A great number of thermocouples were embedded in the precast concrete panels 
to measure the temperature so that the rate of heat transfer between inside surface 
and room air could be estimated. Eppley pyrheliometers were installed inside and 
outside of the glass to measure solar radiation upon the vertical surface of the glass. 

Figure 4.10 shows the experimental results obtained with the revolving air 
conditioning test room on August 20, 1966 when the window was oriented to the 
east. The room air temperature was maintained at 26°C for a week prior to this 
experiment. Curve (1) represents the solar radiation transmitted through glass, 
measured by an Eppley pyrheliometer placed inside with the sensor surface set 
vertically, multiplied by 8m2 of glass area. Curve (2) represents the heat extraction 
by the fan-coil units measured by a calorimeter knowing the water flow rate and the  
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Fig. 4.8.  Revolving air conditioning test room in Ohbayashi-gumi research laboratory [4.4], 

(a) Outside view, (b and c) sections. 1. Test room space; 2.12 cm thick precast reinforced 
concrete panel; 3. upper guard space; 4. lower guard space; 5. fan-coil unit; 6. ventilated 
plenum. All dimensions are in millimeters. 
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Fig. 4.9. Diagram of air conditioning system of revolving air conditioning test room [4.4].  

1. Test room; 2. fan-coil unit; 3. guard space; 4. fan-coil unit in guard space 5. cooling 
tower; 6. condenser water pump; 7. refrigerating machine; 8. chilled water pump; 9. 
drainage pump; 10. cold water storage tank (higher temperature); 11. cold water storage 
tank (lower temperature); 12. warm water storage tank (higher temperature); 13. warm 
water storage tank (lower temperature); 14. drainage pump; 15. pump to supply warm or 
cold water to test room; 16. pump to supply warm or cold water to guard space; 17. warm 
water circulation pump; 18. heat exchanger; 19. steam header; 20.vaacuum pump; 21. 
boiler; 22. oil service pump; 23. oil gear-pump; 24. oil tank. 

 

 
Fig. 4.10.  Total cooling load vs. heat extraction (Aug. 20, 1966) [4.4]. (1) Transmitted solar 

radiation through glass; (2) heat extraction by fan-coil unit; (3) total convective heat 
transfer to the room air (= (4) + (5) + (6) +(7)); (4) convective heat transfer from wall 
surfaces to room air; (5) convective heat transfer from ceiling surface to room air; (6) 
convective heat transfer from floor surface to room air; (7) convective heat transfer from 
glass surface to room air. Time in day hours. 
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temperature rise across the coil. Curve (3) represents the total space cooling load 
estimated from the temperature data measured inside which is supposed to coincide 
with curve (2). Curves (4), (5), (6) and (7) are a breakdown of curve (3). The inside 
surface temperature was measured at about 50 points and averaged surface by 
surface. Then the convective heat transfer to the room air from the wall surfaces was 
calculated from the temperature difference between the surface and the room air 
multiplied by the convective heat transfer coefficient of 9･3 Wm−2 deg C−1 and the 
surface area, which is shown as curve (4). Similarly, curves (5), (6) and (7) represent 
the convective heat transfer to the room air from the ceiling surface, floor surface 
and glass surface respectively. The fact that the total convective heat transfer 
coincided with the heat extraction by the fan-coil units when the value of convective 
heat transfer coefficient was assumed to be 9･3 Wm−2 deg C−1 indicates that the air 
movement in this room was quite large compared with what would have been the 
situation in a normal room. 

Figure 4.11 shows the results obtained from the experiments made on January 14 
to January 19, 1967, when the glass surface was facing south [4.5]. All six days were 
clear as would be seen from the measured data in the curve. The room air 
temperature was maintained at a constant 20°C from 9 a.m. to 5 p.m. on the 14th 
through to the 16th by intermittent operation and from 9 a.m. on the 17th to 6 p.m. 
on the 18th the system was operated continuously. As shown in the curves of 
temperature for the inside air, average temperature of wall surface and the average 
temperature of concrete panel sections, heating was required to maintain 20°C inside 
in spite of the increase of solar incidence. This was considered reasonable because 
the structure itself was not yet warm enough for continuous operation. Here the 
values of convective heat transfer coefficients were assumed to be 4･7 Wm−2 deg 
C−1 when the measured heat extraction coincided with the total cooling load 
theoretically derived using the surface temperature measurements.  
 
 
 
4.4.  COOLING LOAD WEIGHTING FACTORS FOR SOLAR HEAT GAIN 

 
 

If the solar heat gain from windows and the space cooling load associated with it 
are both expressed as a time series, the most straightforward way of relating one to 
the other may be to use a convolution technique where weighting factors are to be 
introduced. The cooling load weighting factors for solar heat gain can be defined in 
the following convolution form: 

 
∞

=

−=
0

GGCL )()()(
j

jnqjWnq  (4.19) 

where qCL (n) = space cooling load at time t = n∆t associated with solar heat gain 
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(Wm−2), qG(n) = solar heat gain from glass window at time t = n∆t (Wm−2), qG(n−j) 
= solar heat gain at time j∆t hours prior to time t = n∆t, WG(j) = cooling load 
weighting factors for solar heat gain (dimensionless). 

 
Fig. 4.11.  Variation of cooling load and temperature in winter experiment [4.5]. 
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The relationship between Carrier's storage load factor SLFn and weighting 
factors WG(j) can be interpreted by the following expression: 
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where 
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where qGS (n) is the standard solar heat gain from glass window for a given 
orientation and qGS, max is the maximum value of qGS(n). It must be remembered that 
SLF(n) varies with window orientation and that WG(j) is independent of window 
orientation. The major differences between the two is that SLF(n) is used only for 
design purposes to obtain maximum probable solar heat gain, whereas the weighting 
factors method can be used for any random or irregular excitations as far as they are 
given in the form of a time series. 

Theoretical determination of the weighting factors is discussed by Ishino and the 
author [4.6] and will be introduced in Chapter 6. 

Experimental determination has been attempted by Miyagawa and the author 
with the revolving air conditioning test room as explained in the preceding section. 
The principle to derive the weighting factors is simple, as eqn. (4.19) can be 
rewritten as follows:  
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(4.22) 
If qCL (n) and qG(n) are measured at as many times as possible, the unknowns 

WG(l), WG(2), ... can be obtained by solving the simultaneous equations. The 
results by this method often give rise to unrealistic values of WG(j). It has been found 
more appropriate to restrict the number of terms of WG(j) and to use common ratios 
for WG(j) for large j values. 

Since it may be approximated as: 

 )1()( −= jC.WjW GG  (4.23) 

for j > k where k is an integer chosen to suit the particular case. Usually k = 3 or 4 is 
adequate. Then the number of simultaneous equations to be prepared would be k + 2, 
because: 
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(4.24) 

Solving these simultaneous equations for WG(0), WG(1), ..., WG(k) and C.WG(k), 
the weighting factors together with the common ratio can be obtained.  

Table 4.4 shows various values of weighting factors determined by this 
procedure using the experimental data obtained from the revolving air conditioning 
test room. This includes the weighting factors not only for a clear glass window, but 
also for windows with internal shading devices. 

Table 4.4 
Cooling load weighting factors for transmitted solar radiation through a glass window 

obtained from experimental results 
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4.5.  SOLAR HEAT GAIN FROM WINDOWS WITH INSIDE VENETIAN BLINDS 

 
 

The slat type of sun-shade, the so-called venetian blind, is widely used in 
modern buildings to intercept mainly direct solar radiation. They are usually 
installed on the inside of glass window and they are generally considered less 
effective in reducing the solar heat gain through windows than the external shade. 
The reason why these blinds are so commonly used is that they are moderate in price, 
convenient to use and easy to maintain. It is rather difficult, however, to estimate the 
solar heat gain from windows with inside venetian blinds when designing the air 
conditioning system for spaces. In practice the shading coefficient is commonly used 
to obtain it by multiplying the solar heat gain from a standard glass window by the 
shading coefficient which is different for different types of internal shading devices 
as well as depending on the type of glass. It is rather doubtful, however, whether it 
can be used for calculation of cooling load under natural weather conditions, 
Parmelee et al. presented convenient graphs on shading performance of slat-type 
sunshades obtained through geometrical analysis [4.7, 4.8]. They give the values of 
transmittance and absorptance of slat-type sun-shades regarded as an assembly of a 
semi-opaque layer, with perfectly specular and perfectly diffuse slats, for slats with 
different absorptance, different geometry of slat assembly against direct solar 
radiation and diffuse solar radiation. 

Figure 4.12 shows one of Parmelee’s charts for estimating the transmittance and 
the absorptance of a slat assembly with variation of the absorptivity of slat material 
for different profile angles. The profile angle φ is defined as: 

 
γ
β

cos
tantan =φ  (4.25) 

where β = solar altitude (degrees), γ = wall solar azimuth (degrees). These 
relationships are illustrated in Fig.4.13.  

Figure 4.14 shows the geometry of the slat assembly, where w is slat width, s is 
slat spacing and m is sunlit width of slat depending on profile angle φ and slat angle 
ψ to be given by the following formula: 
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=

φ

φ  (4.26) 

In determining a part of direct solar radiation transmits through the slat assembly, 
a factor L is defined here as: 

 
φ

φ

cos
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Fig. 4.12.  Absorptivity and transmissivity of venetian blinds [4.7]. (Reprinted by 
permission of the American Society of Heating Refrigeration and Air Conditioning  

Engineers, Inc., from ASHRAE Transactions.) 

 
Then the transmittance τ, and the absorptance α of the slat assembly can be given by 
the following formulas depending on whether L is positive or negative, viz., 
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For L ≥ 0 
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For L < 0 
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where a = absorptivity of slat surface and F1, F2, F3, F4 and F5 are form factors [4.7, 
4.8]. 

 
Fig. 4.13.  Profile angle 

 
It is necessary to consider the mechanism of heat transfer across the fenestration 

as a combination of glass and venetian blind. The absorbed solar heat in the venetian 
blind can be calculated from the solar radiation upon the vertical plane for window 
orientation multiplied by the value of overall absorptance of the slat assembly. It is 
necessary to establish the method to estimate how much of the absorbed solar heat 
would be transferred to the room air to bring about the actual heat gain. Then, a 
thermal system model is assumed where the temperature distribution from outside to 
inside across the glass and venetian blind are given as shown in Fig. 4.15. 



 

105 

 
Fig. 4.14.  Slat detail. 

 

 
Fig. 4.15.  Assumed temperature distribution within the thermal system consisting of glass, 

venetian blind and air space [4.16]. 

 
Using the superposition principle that convective and radiative heat transfer 

coefficients would not change with temperature in the thermal system by assumption, 
the heat gain q (Wm-2) can be expressed by the following: 

 GaGVaVraGV )( qkqkθθKq ++−=  (4.32) 
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where qVa = solar radiation absorbed by the slat assembly (W m−2), qGa = solar 
radiation absorbed by the glass (W m−2), θa = ambient air temperature (°C) and θr = 
room air temperature (°C), KGV is the overall heat transfer coefficient including the 
thermal resistance of air space between glass and venetian blind expressed as: 
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In these equations, it is rather difficult to assume the value of αcsM and αcsr. Tests 
have shown that the value of αcsr is roughly 23 Wm−2 degC−1 in the case of 45° of 
slat angle. The value kv is the fraction of heat gain of the solar radiation absorbed by 
the slat assembly of venetian blind and can be expressed as: 
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The value kG is the fraction of heat gain of the solar radiation absorbed by the 
glass and can be expressed as: 
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Fig. 4.16.  Presumed temperature distribution when the blind receives less radiation [4.16]. 
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When the solar radiation is relatively small, a temperature distribution like that of 
Fig. 4.15 would not be realized but that in Fig. 4.16 may be realistic. Such a 
temperature distribution as in Fig. 4.16 can be realized in the case where absorbed 
total solar radiation is smaller than the transferred heat to the room out of the 
absorbed solar radiation. Heat-absorbing glass would result in the temperature 
distribution shown in Fig. 4.17. In either case eqn. (4.32) would be valid. It is 
considered almost impossible to estimate the heat transfer to the room with a strict 
theoretical analysis. With such rough assumptions, the result of calculations would 
seem to suggest validity in assumed values to some extent. 

 
Fig. 4.17.  Presumed temperature distribution when heat-absorbing glass is used [4.16]. 

In applying the theoretical equation as expressed in eqn. (4.32), the real problem 
is to estimate the convective heat transfer coefficient along the hypothetical surface 
of the slat assembly especially αcsr, which could be called the equivalent convective 
heat transfer coefficient. 
 
 
 

4.6.  EXPERIMENTAL DETERMINATION OF THERMAL CHARACTERISTICS  
OF VENETIAN BLINDS 

 
 

It is generally considered that an aluminium venetian blind has better 
heat-intercepting characteristics with the high reflectivity of its slats than a painted 
one, especially when installed on the inside of the glass. Since the reflectivity 
depends very much on how well the blind is maintained and there is no standard test 
for heat interception, there is no criterion by which test results can be evaluated. 
What is tested here is the performance of an aluminium venetian blind, which had 
been used for about two weeks, as an arbitrary test. Utilising the prototype 
calorimeter room at Waseda University, the test was made with the venetian blind 
installed 5 cm from the inside surface of the glass window of a test room facing 
west. 
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Figure 4.18 shows the results of temperature measurement in the case of a blind 
with 45° slat angle recorded by multi-point electronic recorders using thermocouples 
[4.9]. Though the performance of the automatic control in keeping the room 
temperature constant was not so satisfactory, the following tendency can be 
recognised from the results obtained. 

Temperature of the glass is found to be somewhat higher than presumed for the 
case in which there is no venetian blind, and to approach closer to the ambient air 
temperature as time passes. This is considered due to the absorption of re-radiation 
from the blind. The glass temperature becomes almost equal to the ambient air 
temperature when the solar altitude becomes lower after 3 p.m. and the solar 
radiation absorbed by the blind increases. Air space temperature between glass and 
venetian blind gets noticeably high, which would indicate the existence of a kind of 
insulating effect of the blind. The curve G-M-R shows the effect of the slat assembly 
in blocking the air movement through the openings between slats. 

 
Fig. 4.18. Temperature variation with venetian blind of 45° slat angle [4.16]. 
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Another experiment with a venetian blind painted in a light colour was made to 
obtain the values of the equivalent convective heat transfer coefficient between the 
slat assembly and the room air and the values of the overall transmittance of a 
combination of glass and venetian blind. Figure 4.19 shows the results of the 
experiment with the prototype calorimeter room with the glass windows facing west, 
when the slat angle was set at 45° and 90° (closed position). The equivalent 
convective heat transfer coefficient αcsr as used in eqn. (4.34) is shown in Fig. 
4.19(a) and the overall transmittance is shown in Fig. 4.19(b). Total measured solar 
radiation upon the west vertical surface is shown in Fig. 4.19(c) and temperatures of 
ambient air (θa), room air (θr) and slat (θs) are shown in Fig. 4.19(d). All these data 
are average values during 30 min. The value of αcsr and τsG are obtained from the 
following formulae: 
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where Io = total solar radiation on glass surface measured (Wm−2), I = total solar 
radiation through glass estimated from Io (Wm−2), as = overall absorptance of slat 
assembly obtained from Parmelee’s chart in Fig. 4.12 for 50% of slat reflectivity at 
corresponding profile angle, αrsG = radiative heat transfer coefficient between slat 
and glass (Wm−2 degC−1), αrsw = radiative heat transfer coefficient between slat and 
inside room surfaces (Wm−2 degC−1), qb = short and long wave length radiation 
measured by Beckman and Whitney radiometer (Wm−2). 

It can be seen that, when solar radiation intensity tends to be high, the value of 
the equivalent convective heat transfer coefficient remains quite stable at 20−23 
Wm−2 degC−1 for 45° of slat angle and at 9−12 Wm−2 degC−1 for 90° of slat angle. 
The state of closed position somewhat resembles to that of a flat plate and the value 
obtained here seems realistic. In the case of 45° of slat angle, it can be considered 
that heat flow occurs due to the air flow between the slats and this effect is included 
in the value of αcsr. 

The overall transmittance of a combination of glass and venetian blind is the 
ratio of the transmitted short wave length solar radiation after multiple reflections 
among slats plus the long wave length radiation from the slat surfaces that absorbed 
solar radiation to the total solar radiation upon the glass surface. This transmitted 
component of solar heat gain tends to be stored in the building structure, whereas the 
convective heat transfer component becomes a space cooling load instantaneously. 
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Fig. 4.19.  Test results of (a) convective heat transfer coefficient from venetian blind to 
room air; (b) overall transmittance of combination of venetian blind and glass; (c) total  
solar radiation upon the west vertical surface and (d) temperatures of ambient air, room  

air and slat [4.16]. 
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Fig. 4.19 – continued: 
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4.7.  EXPERIMENTAL DETERMINATION OF THE EFFECT OF RE-RADIATION  
FROM EXTERNAL SHADING 

 
 

Sun-shade devices architecturally integrated with building facades known as 
brise-soleil, are being used a great deal all over the world. As with the estimation of 
incident solar radiation transmitted through the sun-shades and glass window, it is 
mathematically possible to calculate the direct solar radiation directly transmitted 
through the openings of sun-shades at a certain instant from the position of the sun 
and the geometrical shape of the sun-shades as well as to calculate the radiation 
reflected at the surface of the sun-shades and transmitted through glass into the room. 
It is complex and difficult, however, to estimate the cooling load due to the 
re-radiation from the surfaces of sun-shades warmed by the absorbed solar radiation. 

If one tries to determine the effect of re-radiation from sunlit shades by 
experiment, it is also difficult to extract the solar heat gain affected only by the 
re-radiation from the result of the experiments. In comparison with the case in which 
there is no sun-shade, this effect might be estimated using the following expression: 

qRR = solar heat gain effected only by re-radiation 
from sun-shade surfaces 

)(α)(α)(α GGirGirGiRR θθθθθθq ′−=−′−−=  (4.39) 

where αi = inside film coefficient, θr = room air temperature, θG = glass temperature 
measured when the glass is warmed by absorbing re-radiation from sunlit louvre 
surfaces, θ'G = glass temperature estimated if no sun-shades were installed. 
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where θa = ambient air temperature. 
In the value qRR, however, the direct and reflected radiation absorbed in the glass 

are included. It is considered necessary, therefore, for a reasonable estimation to 
measure the surface temperature of glass and surface temperature at several 
positions of the louvre and to calculate the radiative heat transfer from louvre to 
glass. 

Figure 4.20 shows the variation of solar heat gain and total solar radiation 
obtained from experiments made with wooden louvres installed on a west facing 
glass window of 1m×2m in size of the prototype calorimeter room as illustrated in 
Fig. 4.21. The wooden louvres used as test pieces are of lauan board 12 mm thick 
and 15 cm wide and painted grey (N7). There can be seen solar heat gain during the 
period when the louvre would seem to be perfectly intercepting direct solar radiation 
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judging from the geometrical proportion, which shows the effects of reflection and 
re-radiation from the louvres. The more direct radiation that is transmitted through 
the louvre, the more the heat gain increases in absolute value. When both the amount 
of solar radiation upon louvre and the temperature rise of the louvre surfaces are less, 
the effect of re-radiation is consequently reduced. 

 

 
Fig. 4.20.  Tested shading performance of egg-crate louvre [4.16]. Ordinate: rate of  

heat gain (Wm−2). Abscissa: time (day hours). 

 

 
Fig. 4.21.  Egg-crate louvre on the window of prototype calorimeter room. 
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Under the conditions of intense solar radiation, the temperature of the louvre 
gets higher and the effect of re-radiation increases, although it intercepts much of 
solar radiation. Figure 4.22 shows the diurnal temperature variation of various 
surfaces of an egg-crate louvre, which illustrates the situation very well. In relation 
to the graphs in this figure, it should be mentioned that the heat gain from the solar 
radiation directly transmitted through louvres increases after 3 p.m. when surface 
temperature does not get high and that the heat gain is less before 2 p.m. when 
surface temperature is very high due to a great deal of absorption of solar radiation.  

 

 
Fig. 4.22.  Temperature variation of egg-crate louvre [4.16]. θa = Outside air temperature; 
θA = air temperature between louvre; θG = glass temperature; θr = room air temperature; 1, 2, 
3, 4, 5, 6, 7 = surface temperature of louvre as illustrated in the drawing. Time in day hours. 

Thus, a maximum of total solar heat gain occurs when the radiation transmitted 
through the louvres is the greatest and the re-radiation is small enough to be 
neglected. The result of such an unbalanced heat gain should depend upon the 
design of louvres. The louvre tested can be regarded as an example of poor design 
from the viewpoint of heat intercepting performance. The louvre should be designed 
so that no radiation, or at least as little as possible, would be transmitted at anytime, 
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and then the heat gain due to re-radiation would be large enough to be taken into 
consideration. 

The rate of solar heat gain with sun-shades on the outside of the glass window 
could be analysed into three components: solar radiation directly transmitted through 
the louvres into the room (qDT), solar radiation reflected from the surface of the 
louvre and transmitted through glass into the room (qRT) and the overall heat transfer 
from outside to inside across the glass including the effect of radiative heat transfer 
from the surfaces of the louvre warmed by the absorption of solar radiation to the 
glass surface (qGr). Of these three components, qGr can be expressed by the heat 
transfer from glass to room air. Attempting to analyse the components of qGr from 
the heat balance equation at the glass surface: 

 GaSGRGLGAGGr qqqqqq −+++=  (4.41) 

can be obtained where qAG = the convective heat transfer to glass surface from the 
outside air close to the glass surface which is warmed by convection from the 
surface of the louvre irradiated by the sun, qLG = the radiative heat transfer from 
every part of the louvre surface to glass surface, qRG = component of heat absorbed 
by the glass of the reflected radiation at the louvre surface, qSG = the component of 
heat absorbed by the glass of the direct solar radiation without being intercepted by 
the louvres, qGa = the radiative heat transfer from glass surface to the atmosphere. 

Figure 4.23 shows the variations of the components of heat transfer calculated 
from the results of temperature measurements as shown in Fig. 4.22. Every value in 
Fig. 4.23 is obtained from the following: 
④ qRT = solar radiation reflected from the surface of the louvre and transmitted 

through the glass into the room; 
⑤ qDT = solar radiation directly transmitted through glass into the room 

without being intercepted by louvre; 
⑥ solar heat gain calculated from the measured temperatures of inside room 

surfaces which includes the effect of thermal storage in the floor slab; 
⑦ transmitted solar radiation estimated from the measured solar radiation 

upon the glass surface; 
② qar = the rate of overall heat transfer derived from the temperature 

difference between inside and outside, calculated from qar = KG(θa – θr), 
where KG = 6.25 Wm−2degC−1in which αo= 23.3 and αi = 10.5 are assumed; 

③ qGr = αi(θG – θr); 
① = ③ – ②: the increased overall heat transfer effected by the louvre irradiated 
by the sun. The breakdown of ① can be converted into the equivalent temperature 
differential, which is shown in Fig. 4.24; 
⑧ the total equivalent temperature differential corresponding to ① in Fig. 

4.23, calculated from ∆θer = qGr/KG × (θa – θr); 
⑨ , ⑩ , ⑪ , ⑫  = components of ⑧  corresponding to qSG, qRG, qAG, qLG 
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respectively. For example ⑫ is calculated from 
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Fig. 4.23.  Analysis of solar heat gain variation from experimental data for west faced  

glass window with egg-crate louvre [4.16]. Time in day hours. 

 
Fig. 4.24.  Equivalent temperature differential (∆θer) of re-radiation effect from  

louvres [4.16]. Time in day hours. 
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The comparison of Figs. 4.22, 4.23 and 4.24 suggests that the effect of 
re-radiation is considerable when much solar radiation falls on the louvre and makes 
the surface temperature higher, while the effect of re-radiation is too small to be 
counted when solar radiation without being intercepted by the louvre is significant 
enough to have qDT increased to a considerable extent and the surface temperature of 
the louvre does not get so high. 

 
 
 

4.8.  SIMPLIFIED CALCULATION PROCEDURE OF SOLAR HEAT GAIN  
FROM GLASS WINDOWS WITH EXTERNAL SHADING USING   

WEIGHTING FACTOR TECHNIQUE 
 
 
This section describes the method of calculation of heat gain from the glass window 
combined with the sun-shade when the geometry of the window and the shade is 
given [4.10]. There are three basic components of heat gain that appear on the 
inside; direct solar radiation transmitted through the shade and glass, diffuse solar 
radiation transmitted through the shade and glass including the reflected component 
from the sunlit surface of the shade and the heat transfer from outside across the 
glass, including the long wavelength re-radiation from surfaces of the shade, the 
temperature of which may get considerably higher than the air temperature because 
of the absorption of solar radiation. Figure 4.25 shows the overall phase of direct 
and diffuse solar radiation that produces heat gain through the combination of the 
shade assembly and glass. 

 
  

 
Fig. 4.25.  Route of the incident solar radiation converted into heat gain through the 

 shade assembly and the glass [4.10]. 
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The direct transmission component can be calculated using the profile angle and 
wall solar azimuth in relation to the geometry of the sun-shades. The diffuse 
component including the reflected radiation at the surfaces of the shade can be 
calculated with the view factor formulas. As the rigorous calculation of the 
re-radiation component is very complicated, attempts were made to simplify the 
situation and estimate it in the form of equivalent temperature rise based on sol-air 
temperature concept against the glass surface using the weighting factor technique 
as used for the space cooling load calculation. Part of incident solar-radiation is 
transmitted through the shade as shown in Fig. 4.25 and the remainder naturally falls 
upon the surfaces of the shade.  

Part of the radiation absorbed in the shade material is stored but eventually 
discharged to the air by convection and to the glass surface by radiation, the 
remainder being emitted to the sky. The radiation component from sunlit shade 
surface to the glass is defined as re-radiation and the effect of it can be estimated 
approximately by a weighting factor technique. 

Referring to Fig. 4.26 the weighting factor Ws(j) relating the heat discharged 
from all the surfaces of the shade to the incident solar radiation into the shade 
assembly can be expressed by the following equations using the response factors of 
shade material Xj and Yj. Namely: 
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where as is the absorptivity of shade assembly and αs0 is the film coefficient along 
the shade surface. 

 
Fig.4.26 Weighting factors relating incident solar-radiation into shade assembly 

to the heat discharged from shade surface [4.10].  
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Then qs(n) the heat discharged from the shade surfaces per unit window area at 
time t = n∆t(Wm−2), where ∆t = time interval, can be obtained by: 
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where Is(n) is the incident solar radiation into the shade assembly including the 
reflection from glass as shown in Fig. 4.25 per unit of window area at time t = n∆t. 

A sample calculation is made with the brise-soleil whose shape is shown in Fig. 
4.27. Table 4.5 shows the results of the calculation for a clear day in summer. In this 
case, the re-radiation effect becomes quite large and the equivalent temperature rise 
amounts to over 4°C especially when the shade intercepts a considerable amount of 
incident solar radiation. This is quite similar to the experimental result with a 
wooden louvre that showed the equivalent temperature rise was 3−4°C at maximum 
in summer. 

 
Fig. 4.27.  Geometry of glass window and external shade [4.10]. 

 
It may be concluded, therefore, that this simplified calculation method using the 

equivalent temperature differential concept to express the radiation absorbed by the 
glass from the irradiated surface of the external shade could be applied to the heat 
gain calculations for glass windows with external shading. 
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