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Thermal radiation within buildings is a significant component of thermal comfort. Typically the methods
applied for calculating view factors between a person and its building surfaces requires great compu-
tational time. This research developed a view factor calculation method suitable for building energy
simulations. The method calculates view factors by numerical integration of projected area factor. Over
time the projected area factor of a person has been simplified by geometrical shapes. These shapes were
compared with more complex equations on precision and calculation time. The same was done for the
resulting view factors, where the results were compared with view factors found by ray tracing. While
geometrical simplifications of the human body gave the fastest calculations, the complex equations gave
the mostaccurate results. Non-rectangular surfaces and obstacles were treated by comparing intersection
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View factor The method for calculating view factors is robust and applicable to building energy simulation tools. Cal-
Non-rectangular surfaces culation time can be long depending on the complexity of geometry, grid-size and the choice of method
Fanger for the projected area factor, but view factor calculations are done only once for a whole year simulation.
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Long-wave radiation

1. Introduction

Thermal radiation accounts for a substantial part of thermal
comfort, and knowledge on radiation is therefore vital when sim-
ulating thermal comfort in buildings. To comply with legislation,
architects and engineers work to optimise the building design in
order to obtain lower energy consumption. Thermal comfort is
often ensured by constraining variations in operative temperature
in the energy optimisation process; but better measures would be
predicted mean vote, PMV, or predicted percentage dissatisfied,
PPD, and percentage dissatisfied, PD, calculated in a grid, to cover
differences in the room. The overall goal is to be able to optimise
the thermal comfort of the occupants in parallel with the build-
ings’ energy consumption and the major objective is to describe a
method for calculating view factors between persons and surfaces
in a room for use in calculations of mean radiant temperature and
radiant asymmetry.

* Corresponding author. Tel.: +45 23 60 55 67.
E-mail address: mhv@sbi.aau.dk (M.H. Vorre).
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By improving the calculation of thermal comfort in building
energy simulation programmes, it is possible to see the con-
sequences on the thermal comfort when changing the building
design, not just as an average in a room but on a number of different
points, taking more aspects into consideration than the operative
temperature. It is especially important in buildings with a complex
geometry, where mean radiant temperature and radiant asym-
metry varies in the room and an area-weighted mean of surface
temperatures is far from accurate.

Global thermal comfort is calculated as the energy balance of
the whole body, affected by 6 parameters: air temperature, mean
radiant temperature, air velocity, relative humidity, clothing level
and activity level [1]. Local thermal discomfort can be caused by
draught, temperature gradients, asymmetric thermal radiation and
cool/warm floors [2,3].

Previous work by the authors describe ways to improve the sim-
ulation of clothing level [4] and air velocity and draught risk [5] for
use in building energy simulation tools.

The objective of this paper was to present a methodology for
calculating thermal radiant impact on a person for better simula-
tion of thermal comfort in building energy simulation tools. The
method calculates view factors by integration of the projected area
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Fig. 1. To the left the projected area factor illustrated by the part of the body illuminated by a single light bulb. To the right the view factor to a wall illustrated by the part

of the body illuminated by a wall of light bulbs.

factor over the surfaces and can be used for any plane surface, tak-
ing account of obstructions in the room. The method also applies
for view factors for calculating radiant asymmetry. The same basic
method is used for calculations between surfaces and between sur-
faces and a person.

For view factors involving a person, different methods and
simplifications for calculating the projected area factor are com-
pared, and the calculated view factors are compared with other
methods. The comparison is made on both results and calculation
time.

2. Theory

For the calculation of thermal comfort by using PMV or PPD and
PD caused by radiant asymmetry, knowledge of the mean radiant
temperature and radiant asymmetry are needed [1,3]. Mean radi-
ant temperature is defined as that uniform temperature of a black
enclosure which would result in the same heat loss by radiation
as the actual enclosure under study. The definition covers both
short wave radiation from the sun or a high-intensity radiant heater
and long-wave radiation by emission from surfaces. This paper is
focused on the latter while the impact on thermal comfort from
short-wave radiationis treated by e.g. Karlsen [6]. Radiant asymme-
try isdefined as the difference in mean radiant temperature for each
side of a small horizontal or vertical plate at the person’s position
in the room [7].

For comparing scenarios, the mean radiant temperature is an
expression that is easier to relate to than a number of different
temperatures of the surfaces.

The mean radiant temperature at a specific location is found
by calculating the heat transfer through radiation in the actual
enclosure. The radiant energy exchange between a person and a
surrounding surface is calculated as between any two objects:

Gio2=6-05-Fi2-A1 (T} = T3) = —G21 (1)

where q1_, is the heat flow by radiation from object 1 to object 2 in
W, ¢ is the multiple of the emissivities of the objects, o5 =5.67 - 10~8
W/m?2 K* is the Stefan-Boltzmann constant, F;_,, is the radiation
view factor or angle factor from object 1 to object 2 (how big an
area does object 2 cover compared with the whole area that object
1 radiates to), A; is the effective radiation area of object 1in m2, T;
is the surface temperature of object 1 in K, T is the surface tem-
perature of object 2 in K, g»_,1 is the heat flow by radiation from
object 2 to object 1 in W.

Eq.(1)isonlyvalidifreflection can be disregarded; which is only
areasonable assumption when the emission of the surfaces is close
to the emission of a black body, where all radiation is absorbed and

none is transmitted nor reflected. This is the case for many building
materials and items of clothing, though glass is an exception as its
emissivity can be very low, also for long-wave radiation.

To calculate the radiant exchange to a person, we need to know
the surface temperature of the person and the surrounding sur-
faces, their areas, emissivities and the view factors between them.

The highest view factor is found when a surface surrounds a
person, as the view factor of the surface is then equal to 1, as is the
case for a sphere. The view factor is calculated from the projected
area factor, and the projected area factor describes how much of an
object is illuminated from a given point, as illustrated by the single
light bulb in Fig. 1.

The view factor describes how much of the object is illuminated
from a whole wall of light bulbs and can be found by integrating
the projected area factor for each light bulb over the entire wall as
illustrated to the right in Fig. 1.

For a person in a room, the sum of view factors to all surfaces
equals 1.

The projected area of a person can be illustrated by his silhouette
and depends on the view point to the person. The view point is
described by the azimuth angle, ¢, and the altitude, B, as illustrated
in Fig. 2.

The effective radiation area of a person is the area that emits and
receives radiation from the surroundings. This area is smaller than
the total skin area of the body, as parts of the body do not exchange
radiation with the surroundings, e.g. between the toes or under the
arms.

2.1. A historical view of view factors involving persons

Interest in the view factors between a person and surrounding
surfaces arose in the late 1960s with HVAC systems and Fanger’s
studies on thermal comfort [1]. Before then, studies on thermal
radiation to persons were mostly done to calculate the impact on
persons from direct solar radiation, because the military needed
knowledge about the effect of the sun on soldiers [8]. The first
studies in the field were therefore not with the aim of describing
view factors but merely the projected area factor of a person from
different angles.

In the 1930s, James D. Hardy and Eugene F. DuBois used a wrap-
ping method to determine the effective radiation area of a person. A
person was wrapped in paper like an Egyptian mummy, and the sur-
face area was measured by rubber-coating the paper, a technique
similar to the one used to measure the total area of the human
skin also known as the DuBois area. The effective radiation area
was found to be 78.3% and 78.4% of the total skin area for the two
persons they measured [9].
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Fig. 2. The azimuth angle « and the altitude S.

In 1952, Guibert and Taylor used photographs to determine pro-
jected areas and the total effective radiation area. Photos were
taken in a half sphere, with the person in a standing and a sit-
ting position. The pictures were taken from a distance of 12 m and
treated as though taken from an infinite distance, as would be the
case with radiation from the sun [10].

For calculating the projected area factor, a sphere represented
a seated person and a cylinder represented a standing person. The
relation between height and radius of the cylinder was found from
observations [11].

As the sun was the challenge, the sun was also used in the
research, and the solar angles and shadows cast were measured
for a standing person facing the sun and with the person turned
sideways to the sun [12].

In 1966, the photographic method was used by Underwood and
Ward on standing men and women. The pictures were taken from
different azimuth and altitude, though with irregular steps due
to their test fixture. The photos of 25 men and 25 women were
taken from a distance of 4.57 m. Underwood and Ward suggested
an oval cylinder to represent a standing person in the calculations
of projected area factors [13].

The photographic method and test setup of Underwood and
Ward were adopted by Fanger, who in his doctoral thesis described
experiments involving 10 male and 10 female test persons from
northern Europe. All subjects were photographed from 78 differ-
ent angles with steps of 15 degrees. Photos were taken for both a
standing and a seated position. Fanger presented his results for the
projected area factor as diagrams in order to get closer to the actual
geometry of the human body. He supplemented with diagrams for
the view factor between person and surfaces in an orthogonal room
[1,14].

Discomfort caused by asymmetric thermal radiation was inves-
tigated in a climate chamber where the surface temperatures could
be regulated independently for the two half-parts of the room, for
a suspended ceiling or other part surfaces. In the experiments view
factors between surfaces and persons were found by use of Fanger’s
diagrams and in 1980 the term radiant temperature asymmetry
is introduced. Radiant temperature asymmetry is defined as the
difference in plane radiant temperature for a small plane element

and is probably introduced in order to be able to make a direct
measurement [2,3,7].

Diagrams for reading view factors to inclined surfaces were
made in 1988 by use of cubic spline on Fanger’s results for the
projected area factor [15].

In 1990, Horikoshi et al. [16] made similar experiments as
Fanger, but using an orthographic projection camera, where the
parts of the person close to the camera are bigger than those fur-
ther from the camera. This is in contrast to the earlier work, where
an effort was put into measuring the projected area as seen from
infinity. As surfaces and especially the floor are not infinitely far
away, they argue that this method is more accurate especially when
considering the heat exchange to floors with heating and in rela-
tively small rooms. The results of Horikoshi et al. are presented as
diagrams for reading view factors.

In the beginning of the 1990s, the computer era affected the
world of thermal radiation calculation and Fanger’s diagrams for
reading both the projected area factor and the view factor in ortho-
gonal rooms are put into algorithms. Just like with the principle in
Fanger’s diagrams for view factors, it is still necessary to divide all
surfaces according to the centre of the person and categorise the
divisions in front or behind, above or below the centre, on the side,
vertical or horizontal [17,18].

In 2000, algorithms for view factors to inclined surfaces were
added [19].

In the beginning of the new millennium, a study similar to
Fanger’s was made in Italy on Italian subjects. The study involved
more subjects and smaller angle steps, since digital photos and
computer software measure the projected area of the persons in
the photos much quicker than the manual measures taken 40 years
earlier. The results showed fair agreements with the projected area
factors for standing persons found by Fanger, but for seated persons
the differences where significant [20].

Apart from these methods, CFD programmes and computer
games use ray tracing for calculating radiation very precisely. Ray
tracing has a longer calculation time and demands more input than
the other methods.

This paper suggests using numerical integration for calculation
of view factors. The method was chosen because it is applicable for
both person-to-surface calculations and surface-to-surface calcu-
lations. The method implies knowledge of the projected area factor
of a person, or surface, as a function of the angle that the person is
viewed from.

The method can also be used to compute radiant temperature
asymmetry, by calculating view factors for each side of a small hor-
izontal and a small vertical plate. The correlations between radiant
asymmetry and thermal comfort are described for the small plates,
though during the studies the actual view factors to the heated or
cooled surfaces were also calculated. By calculating view factors for
a person, while keeping track of azimuth and altitude angles, it is
possible to also compute thermal radiant asymmetry for an actual
person, and the results were compared to the results using small
plates.

2.2. Projected area factor of a person-comparison of calculation
methods

Over time the projected area of a person was simplified to
geometrical shapes for easier use in calculations, e.g. spheres and
cylinders. In this study, numerical integration is suggested for cal-
culating view factors, and it is therefore interesting to compare the
geometrical simplifications for calculation of the projected area fac-
tor to more complex algorithms on both precision and calculation
time.

Comparisons were made for both standing and seated per-
sons. The projected area factor of a seated person was calculated
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Fig. 3. Projected area factors of a standing person, calculated by using a cylinder as suggested by Taylor [11] and optimised according to Fanger’s results (thick line) compared

with the results of Fanger’s measurements indicated by the thin line with dots.

assuming a sphere, a cube and a box. A standing person was
simplified to a cylinder and an oval cylinder. As more com-
plex equations, the results by Rizzo et al. [17] were used. Their
equations are derived from original data provided by Fanger. Unfor-
tunately, it was not possible to obtain access to the data found
in the Italian experiments [20], and the calculated values are
therefore only compared with the data points from Fanger’s exper-
iments.

Only the results for standing persons are shown here. The
equations for seated persons are used in the later comparison of
calculated view factors.

The simplest suggestion of a standing person is a cylinder. In
Fig. 3, the cylinder is compared with the results by Fanger. On the
left, the cylinder is 1.65 m high and has a radius of 0.23 m as found
by Taylor [11] and on the right, the cylinder was optimised by the
least square error compared with Fanger’s data, height 1.11 m and
radius 0.26 m.

Acylinder is axisymmetric and the projected area does therefore
not vary with the azimuth angle; on the other hand it does have
quite an identical behaviour for the altitude.

An oval cylinder of 1.5 m in height, a large radius of 0.29 m and
a small radius of 0.19 m was suggested by Underwood and Ward
[13]. In Fig. 4, the projected area factor of the original oval cylinder
is compared with data points from Fanger on the left and on the
right an optimised cylinder is compared, height 1.1 m, large radius
0.32m and small radius 0.21 m.
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The oval cylinder has many similarities with Fanger’s results and
depicts both the variations in azimuth and altitude.

The last method for calculating the projected area factor in the
comparison is the algorithm derived by Rizzo et al. [17] on the basis
of Fanger’s results. The algorithm is a double variable polynomial
where the azimuth angle is of degree 4 and altitude is of degree 3.
The algorithm is only valid for azimuth angles between 0° and 180°
and for the altitude between 0° and 90°. In Fig. 5 the algorithm is
compared to the results by Fanger.

Of the three calculation methods (cylinder, oval cylinder and
algorithm) the best fit is found by using the algorithm derived from
Fanger’s data, as shown in Fig. 5, though the algorithm shows less
similarities at the front and back of the person (azimuth angle close
to 0° and 180°) especially at low altitudes. The differences close to
the limits of the valid range is due to the nature of the developed
polynomial, as can be seen when plotting values outside the valid
ranges, shown on the right side in Fig. 5.

The calculation time is the cost of achieving the higher preci-
sion by using the algorithm. While the oval cylinder is only a little
slower than the simple cylinder, the algorithm’s calculation time
is approximately 4 times that of the cylinders. For the calculation
of view factors where a high number of calculations are needed
when using the integration method. The calculation time may end
up being an issue, though for building energy simulation tools the
calculation of angle factors are only done once for every position of
the person, not at every time step.
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Fig. 4. Projected area factors of a standing person, calculated by using an oval cylinder as suggested by Underwood and Ward [13] and an optimised oval cylinder (thick line)
compared with the results of Fanger’s measurements indicated by the thin line with dots.
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Fig. 5. Comparison of the projected area factor for a standing person as measured by Fanger (thin line with dots) and calculated using of the algorithm found by Rizzo et al.
[17] (thick line). To the right is shown the behaviour of the algorithm outside the valid range.

3. From projected area factor to view factor for a person

In this section, a methodology is described for calculating the
view factor between a person and a plane surface of any geometry,
the method can also be used between two surfaces and when other
surfaces obstruct the radiation.

A person receives and emits heat by radiation. If a person is
placed in a sphere, all radiation from that person will hit the sphere,
while not all of the radiation from the sphere will hit the person, as
most of it will instead hit the sphere itself.

If the radiation is diffuse, then:

APerson - Person—Sphere = ASphere - F Sphere—Person (2)

where Aperson is the effective radiation area of a person in m2,
Fperson-sphere 1S the view factor from the person to the sphere (how
much of the radiation leaving the person reaches the sphere),
Asphere =4 - 77 - 1% is the surface area of the sphere in m?, Fsphere-person
is the view factor from the sphere to the person (how much of the
radiation leaving the sphere reaches the person), r is the radius of
the sphere in m.

As all radiation leaving the persons effective radiation area
reaches the sphere, the view factor from the person to the sphere
is known: Fperson-sphere = 1, and Eq. (2) can then be written as:

Aperson = ASphere -F, Sphere—Person (3)

The view factor from the sphere to the person cannot be calcu-
lated directly. It has to be integrated over the surface of the sphere.

If looking at the radiation from the small area dAgppere to the
person, then dAgppere radiates diffusely in a sphere. This radiation-
sphere reaches the person at a distance equivalent to the radius, r,
of the sphere, as illustrated in Fig. 6. The view factor from dAsppere to
the person is therefore the projected area of the person, Ay gjecteds
as seen from dAgphere compared with the total area of the radiation-
sphere with the radius r cut off by the sphere surrounding the
person, which also has the radius r. The surface area of a sphere
cut off by another sphere with equal radius is % of the total surface
area of the sphere. The view factor is then given by:

F _ Aprojected _ Aprojected (4)
@Asphere~Person = (174 4 12 T T p2

where Fdagypere—Person is the view factor from the small area dAgppere

to the person, Apojected iS the person’s projected area as seen from
dAsphere in m?, 1 is the radius of the sphere in m.

A

sphere

Fig. 6. A person in the middle of a sphere. The small area dAsppere radiates diffusely
in a sphere that is cut off by the sphere surrounding the person.

Most surfaces surrounding us are not spheres. If instead of look-
ing at a sphere, we look at a plane rectangular surface with the area
A, as shown in Fig. 7, then this area can be divided into areas so
small that it is reasonable to assume that the whole area dA has the
same distance to the person, and it is possible to calculate it like for
the sphere.

For the small area dA, Eq. (2) can be written as:

Aeff . dFl’erson—d/\ =dA- FdA—Person (5)

Because the person sees the small area dA under the angle y, the
area that the person sees is dA - cos(y), which means that the view
factor from the small area dA to the person is

Aprojected
Fia—person = % -cos(y) (6)
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Fig. 7. Person seated beside a plane rectangular surface. The surface is divided into
small areas, dA, for which the projected areas of the person are calculated.

dFperson-da €an then be calculated as:

dA - FdA—Person dA 'Aprojected .

dFperson-da = At = Ap 7012 cos(y)
Aproi 1
projected
= . -cos(y)-dA
Aesr 712 ()
_ fprojectzed -COS()/) .dA (7)
T

where fjrojected 1S the projected area factor of the person, which
relates the projected area of a person to the effective radiation area
of the person. Like the projected area, it depends on the azimuth
and altitude from where the person is viewed.

By integrating Eq. (7) over the surface, the view factor from the
surface to the person can be found:

1 f j (as ﬂ)
Fperson-a = - / % -cos(y)-dA (8)
A

where r is the radius of the sphere with the person in the centre
and reaching dA or simply the distance between the person and dA,
y is the angle between the line person-dA and the normal of the
surface, « is the azimuth angle measured from the persons sight
direction to dA, B is the altitude to dA from the person’s centre,
Jforojected 1S the projected area factor.

To calculate the view factor to the entire surface, the integral in
(8) must be solved, which cannot be done analytically. Instead it is
solved numerically:

l /fprojecte;i(a7 B) . cos(y) - dA
T A T

FPerson—A

1 fprojected (a, B)
” EZ' 2z
A

1
=22
y

The Simpson method is used for the numerical integration of Eq.
(9) and the procedure is described in Appendix.

View factors for calculation of radiant asymmetry are found by
setting the projected area factor to zero, when the azimuth angle is
to the left/right of the person or the altitude angle is above/below
zero.

-cos(y)- AA

Z,fp“’ieaﬁﬂ -cos(y)-Ax | -Ay  (9)

X

N

d/:

c e
a b

Fig. 8. Example of a non-rectangular surface with the vectors constituting the edges
of the surface.

v

3.1. Complex geometries

The described method of integration over the surface is only
applicableifthe surface is rectangular. If it is not, the method should
be supplemented with extra calculations.

For a non-rectangular surface, a rectangular surface is made that
includes the whole surface, as shown in Fig. 8. The rectangular sur-
face is then divided by a grid for the numerical integration and for
each node it is checked, whether or not it is a part of the real surface.

The position of all nodes is compared with the edge vectors of
the real surface. If the node lays to the right of all edge vectors, it
is within the surface. If the node lies to the left of just one edge,
it is outside the real surface. The method is only valid for surfaces
where all corner angles are less than 180°. If this is not the case, the
surface needs to be divided into smaller surfaces where all angles
are smaller than 180°.

The processis quite slow, so to reduce calculation time the check
for a node against edge vectors is stopped if the node is found to
lie to the left of an edge, as there is then no reason to check against
other edges. Furthermore, it is seen that when going perpendic-
ularly through the rectangular grid, if one node is inside the real
surface and the next is outside, then all the following nodes in that
row or column will also be outside.

If it is found that the node is outside the real surface, the pro-
jected area factorin Eq. (9) of the subsurface is set to zero, otherwise
the actual projected area factor is determined.

In the case of a room with one or more surfaces that in reality
have corner angles more than 180¢, it is important to realise that
the person can actually be positioned “behind” some of the surfaces
in the room. In Fig. 9, the person has a view factor of zero to surface
d, because the person is positioned behind the surface.

3.2. Obstructions between surface and person

The method of comparing a point to the edges of the surface is
also used to determine whether other surfaces are obstructing the
view between a subsurface and the person.

When calculating view factors between the person and surface
b in Fig. 9, the vectors between the person and each node on the
surface are found. For each vector, it is checked whether the vector
is blocked by another surface. If the intersection point of the vector
on another surface is within the edges of the other surface, then
the radiation is blocked, though only if the intersection point is
between the person and the node. In Fig. 9, radiation from surface
b is partly blocked by both surface d and surface e, but as soon as it
is found that the vector is blocked by one surface, there is no need
to check intersection points with any other surfaces.
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Cc

Fig. 9. L-shaped room seen from above with a person. View factor between person
and wall d equals zero. The view factor to wall c is also zero, as radiation between
the surface and the person is blocked by surfaces d and e.

The vector between a node on surface b and the person can inter-
sect with surface f, but the intersection point lies outside the range
of the vector and is therefore irrelevant.

This is potentially a very slow process because all surfaces have
to be checked, and consequently it is possible to simply disregard
this step, if the room geometry yields that surfaces cannot block
one another e.g. all corner angles are smaller than 180°.

Secondly, before the calculations of view factors are started, the
potentiel obstructing surfaces are found for each surface and only
these surfaces are checked. In an L-shaped room as shown in Fig. 9,
walls “d” and “e” are the only walls that can block radiation. The
rest of the walls will never block radiation between a person and a
surface, regardless of where in the room the person is positioned.

3.3. View factors between surfaces

Surface temperatures in a room depend on the exchange of
thermal radiation between surfaces. Consequently, view factors
between surfaces are also necessary for improving the calculation
of the radiant part of an occupant’s thermal comfort. It is chosen
not to take the obstruction by persons into consideration.

Before the use of computers, diagrams were used to find view
factors between two surfaces for a number of standard situations
and even though they were indeed useful, it was also a puzzle when
the building under study did not fit into these standard geometries.
As radiant energy exchange is a challenge also in other industries,
several geometries can be handled by use of geometric equations,
but for use in building energy simulation it is difficult to make a gen-
eral solution with the minimum of user interaction and knowledge
in the specific field.

Georg Walton tests different integration methods on both cal-
culation time and precision, and further describes the method of
integrating along the edges of the surfaces. His method integrates
over any surface with corner angles of less than 180°. Obstructions
between surfaces are handled by dividing the surfaces into smaller
parts based on shadow cast by the obstruction [21].

In this paper it is chosen to use the same integration method for
determination of view factors between surfaces as used for deter-
mination of view factors to persons. Because of the high irregularity
of the human body, the method of integrating along the edges of
the surfaces is not applicable when persons are involved. In order to
determine the view factor between two surfaces, area integration
of both surfaces is necessary and the Simpson method is therefore
used twice.

For geometries other than rectangular surfaces, an orthogonal
grid is still used and a check is made to determine whether a given

point is part of the actual surface. The same method is used when
other surfaces or objects obstructs parts of the radiation between
two surfaces.

For radiation between any two objects the following interaction
applies:

Fiy-Ai=F_1-A (10)

where F;_,, is the view factor from object 1 to object 2 (how much
of the radiation leaving object 1 that reaches object 2), A is the area
of object 1, F5_,1 is the view factor from object 2 to object 1, and
A, is the area of object 2. The view factor states how much of the
total radiation from one object that reaches the other object and is
therefore a factor between 0 and 1.

For two surfaces the view factor from surface 1 to surface 2 can
be calculated as:

1 COS 1 - COS V2
Fia= / / —— - dAy - dAy (11)
Ay - ay r2

where A is the area of surface 1, A, is the area of surface 2, r is the
distance between dA; and dA,, y; is the angle between the normal
to surface 1 and the line between dA; and dA,, and y;, is the angle
between the normal of to surface 2 and the line between dA, and
dAq.

The integral is solved numerically:

1 COS Y1 - COS Y
Fip, = ——" — 2 .dA,-dA
2 Al.n A]Az d2 ? !

1 COS Y1 - COS V2
NTW.Z ZidZ CAAy | - AA (12)
A Az

The numerical solution is found by using the Simpson method
twice and is further described in Appendix.

4. Calculation example and comparison of methods

The described method was used for the calculation of view fac-
tors between a person and the surrounding surfaces in a room by
using four different assumptions for calculating the projected area
factor. The results were compared with the algorithm for direct
calculation of view factors by Cannistraro et al. [18] and results by
using ray tracing in the CFD software ANSYS CFX.

The calculations were made for a rectangular room with a
seated person. The room geometry was chosen in order to be able
to calculate view factors by the algorithm of Cannistraro et al. and
the seated position chosen in order to compare results with a ray

2.75m

BN, v

Fig. 10. Sketch of the room used in the example with colour code for surfaces used
in the diagrams.

_
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Fig. 11. View factors calculated by using six different methods.

tracing model of a person modelled by a 3D laser scan of a thermal
mannequin.

The room is 3.60 m long, 2.76 m wide and 2.75 m high. The per-
sonisseated 1.2 m from the end wall and 1.38 m from the side walls,
facing a side wall (Fig. 10).

In the CFD software, the view factors were found by giving all
surfaces in the enclosure the same temperature and applying a
higher temperature to the person. The amount of heat received by
each surface was then used to calculate the view factors.

For each surface the view factor was found by numerical inte-
gration using four different methods for the calculation of the
projected area factor of a seated person: the algorithm by Rizzo
etal.[17] based on Fanger’s results, a sphere, a cube and a box. The
dimensions of the box were optimised for the best fit with Fanger’s
data.

The view factors were adjusted to sum up to 1 by dividing each
calculated view factor with the sum of the view factors for the
whole room. The calculated view factors are shown in Fig. 11 and
when comparing to ray tracing, the difference is shown in Fig. 12.

The view factors in the calculation methods based on Fanger’s
work were the ones getting closest to the view factors found by ray
tracing. The two simplest models, the cube and the sphere, differ the
most. Complete agreement is probably not possible as the precise
position of the seated person in the CFD model and the subjects
photographed by Fanger could very well be different.

Another significant difference between the methods is the cal-
culation time. The calculations were made in MatLab with steps of
0.01 m for the integration methods. The longest calculation time
was for the integration of the algorithm for the projected area fac-
tor derived by Rizzo from Fanger’s data [17]. Only 50% of that time
was used if assuming a geometrical shape, and just 1% was used
for the method of direct calculation of view factors as developed by
Cannistraro from Fanger’s data for view factors [18].

But the example given was a very simple room. There were no
inclined surfaces, the person was looking directly at a surface and
everything was orthogonal. All surfaces had points correlated to
the centre of the person, so no special calculations were needed.

4.1. Grid size

When using a numerical integration method, the chosen grid
size influences both the result and the calculation time. In the above
example, a grid spacing of 0.01 m was used. If instead a grid space of
0.1 m had been used, the calculation time would be reduced from
0.64s to 0.02s when calculating the projected area factor for the
room shown in Fig. 10 and calculating the projected area factor
by the method of Rizzo et al. [17]. In Table 1, the results of using
a different grid sizes are shown together with the time used for
calculating view factors of all six surfaces.

For the room in shown in Fig. 10 it is seen that calculation time
increases rapidly when decreasing grid size and that only little dif-
ference is found in the calculated view factors, when the grid size
gets minor than 0.05 m.

By accepting slightly more uncertainty in the results, it is pos-
sible to greatly reduce the calculation time, though it is important
to bear in mind that the calculation of view factors only need to be
done only once for a building simulation for a whole year.

4.2. Effect of calculation method on mean radiant temperature
and PMV

Mean radiant temperature, PMV and PPD are affected by
thermal radiation and are the measures used for assessing global
thermal comfort. The investigation of methods for calculation
of the projected area factor and proposal of a method for view
factor calculation had the purpose of improving the accuracy in
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Fig. 12. Difference between view factors calculated by ray tracing and five other methods.

Table 1

Calculated view factors for different grid sizes. All view factors are calculated using the method by Rizzo et al. for calculating projected area factor. The right column shows

the calculation time for the room in Fig. 10.

Gridsize in m View factors for surfaces

Calculation time in seconds

Left Front Right Back Floor Ceiling
1.000 0.074 0.191 0.173 0.164 0.307 0.091 0.00
0.500 0.075 0.187 0.175 0.159 0314 0.091 0.01
0.100 0.076 0.188 0.175 0.159 0.311 0.092 0.02
0.050 0.076 0.186 0.175 0.159 0.311 0.092 0.05
0.010 0.076 0.186 0.175 0.159 0311 0.092 0.64
0.005 0.076 0.186 0.175 0.159 0.311 0.092 3.24
0.001 0.075 0.185 0.174 0.158 0.309 0.091 93.40

the calculation of mean radiant temperature and PMV, and it
is therefore interesting to see the influence that the calculation
methods has on these values.

If assuming the same emissivity for all surfaces and that reflec-
tions can be disregarded, then the mean radiant temperature can
be calculated using Eq. (13):

n

Tr‘rl'lr = Z(Fpersonasurface n- Ts4urface n ) (13)
i=0

In the room shown in Fig. 10 all surfaces are set to have the
same temperature of 22 °C, except for the wall in front of the person
which is assumed to be a poorly insulated window with a surface
temperature of 5°C. Air temperature is set to 22 °C, air velocity to
0.01 m/s, clothing level to 1 clo, activity level to 1 met and rela-
tive humidity to 50%. The difference in mean radiant temperature
(MRT), PMV and PPD by using the different methods are calculated
and results are shown in Table 2.

In this example, integration over Rizzo is the most accurate, but
it will vary depending on the error of view factors on the different

surfaces. Depending on the calculation method, the mean radiant
temperature is calculated to be aslow as 18.87 °Cand up to 19.47 °C,
giving a variation in PMV ranging from —0.68 to —0.60 and PPD
ranging from 14.6% to 12.7%.

If instead the wall to the right had been the window, see Fig. 10,
the two simplest methods (sphere and cube) would have been the
most accurate. However, the objective was to illustrate the effect
on the mean radiant temperature felt by the person.

4.3. Radiant asymmetry

Radiant asymmetry can cause discomfort, both for vertical and
horizontal asymmetry. The relation between the percentage of
people feeling discomfort and radiant asymmetry apply for the
difference in thermal radiation side-to-side for a horizontal or a
vertical plate [22], though Fanger’s diagrams were actually used in
especially the first studies [2].

With the method described earlier in this article it is possible
to calculate the radiant asymmetry for both plates and a person
represented by the algorithm of Rizzo et al. by keeping track on
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Results for mean radiant temperature, PMV and PPD when using different methods for calculating view factors.

Ray tracing Cannistraro Rizzo Sphere Cube Box
MRT (°C) 19.01 19.08 19.04 19.46 19.47 18.87
PMV -0.66 -0.65 -0.66 -0.61 -0.60 —0.68
PPD 14.1 13.9 14.0 12.7 12.7 14.6

when the azimuth angle is to the right or left of the person and
when the altitude angle is above or below the persons centre.

For the room in Fig. 10 the surfaces has one at a time been
assumed to be a window with a surface temperature of 5°C while
the rest where kept at 22 °C. The results for radiant asymmetry at
the point of the person are shown in Table 3 together with the
calculated percentage of dissatisfied.

Radiant asymmetry calculated for a plate is higher than if calcu-
lating using more realistic human model. The difference between
the methods is highest when the cold surface is parallel to the plate.

Using the more realistic human model in calculations of mean
radiant temperatur will result in an underestimation of percentage
dissatisfied.

5. Discussion

The described method for calculation of view factors is a robust
method and can be used to explore several positions and orienta-
tions of the person in a room. The calculation time is sensitive to
the choice of method for determining the projected area factor and
the grid size. Both also have an effect on the accuracy of the calcu-
lated view factors. In the example, the calculation time varied by a
factor 2 depending on method, while the calculated mean radiant
temperature varied by 0.6°C.

The objective of the paper was to develop a method for improv-
ing calculation of the radiant impact on occupants in building

Table 3

energy simulation tools. As the calculation of view factors only has
to be performed once for a given room geometry, and not at every
time step in a building simulation for a whole year, the higher calcu-
lation time can be justified in order to obtain more accurate results
and the method is therefore clearly applicable for building energy
simulation tools also in rooms with a complex geometry.

View factors involving persons are sensitive to the method for
calculating the projected area factor of the person, both in calcula-
tion time and precision. Though even with the most complex model,
it is still just a model, not taking into consideration the chair and
the table where a person is normally seated. And it is relevant to
consider whether the error when using a simplification of a person
as a sphere compared with the complex model is actually larger
than the difference between the complex model and reality, where
e.g. the chair blocks a substantial part of the radiation to and from
the person.

The calculation of radiant asymmetry using the algorithm by
Rizzo, resulted in an underestimation of percentage dissatisfied, but
the results come closer to how surfaces affect a real person. Further
comparison between radiation asymmetry calculated for plates and
the algorithm are suggested e.g. using the results of the original
studies, in order to describe the relation between percentage dis-
satisfied and the more realistic radiant asymmetry. The current
relation simplifies the problem to what is easily measured, whereas
computers and thermal mannequins make it possible to improve
both measurements and calculations to better reflect reality.

Radiant asymmetry calculated by the proposed method, using a plate and the algorithm for projected area factor by Rizzo et al, and the percentage dissatisfied caused by

radiant asymmetry.

Vertical plate Horizontal plate Rizzo
ATl'adiant (OC) PD (%) ATracliant (C) PD (%) ATradiamt (OC) PD (%)
Cold wall in front 1.2 0.2 0.9 0.2
Left/right Cold wall to the right 8.8 2.7 5.6 0.9
Cold wall to the left 4.2 0.6 24 0.3
Cold wall in front -23 0.0 -2.8 0.0
Up/down Cold floor 14.7 37.6 10.2 20.2
Cold ceiling -6.1 0.1 -2.9 0.0
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6. Conclusion

A method for calculating view factors between persons and sur-
faces by using Simpson integration was described and compared
with ray tracing. Depending on the chosen way of calculating the
projected area factor of the person, the results got close to the ones
found by ray tracing, though with a much lower calculation time
and a simpler setup for a user.

The method is applicable for both simple and complex rooms.
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Appendix.

This appendix describes the calculation of angles used for deter-
mining projected area factors in the calculations of view factors and
describes the basis in the Simpson method for numerical integra-
tion together with a quick way to build up the matrix used to weigh
the results.

A.1. Surface to persons

For the calculation of the projected area factor, the angles «,
and y, in Fig. 7, must be known for each small area of the surface
as well as the distance, r, between the person and the small area.

The normal vector of the surface, 11, is known as well as the
position, P, and the orientation, 0, of the person in the room:

Xn Xp Xo
n=|yn| P=|yp| 0=|Yo
Zn zZp 2o

b d
/f(x,y)-dA=/ /f(x,y)~dy-dx
A a c

f(a,c) fla+k,c) fla+2k,c) f(b-2k,c) f(b—k,c) f(b,c) 7
fla,c+h) f(a+k,c+h) fla+2k,c+h) --- f(b—k,c+h) f(b,c+h)
fla,c+2h) f(a+k,c+2h) f(a+2k,c+2h) f(b, c+2h)
f(a,d—2h) f(a+k,.d—2h) fla+2k,d—2h) f(b,d—2h)
flta,d—h) f(a+k,d-h) f(a+2k,d—h) - f(b—k,d—h) f(b,d—h)
f(a,d) fla+k,d) fla+2k,d) f(b—-2k,d) f(b—k,d) f(b,d) |
1 4 2 2 4 17
4 16 8 .. 8 16 4
2 8 4 4 8 2

. 1

: . : -§-k-h
2 8 4 4 8 2
4 16 8 .. 8 16 4
|1 4 2 2 4 1]

For each small part of the surface, AA, we look at, the position
of it’s centre is known, and the vector, 7, from the person to AA is
given by:

Xp —XAA Xr
r={(Yp—=Yaa| = |Vr
Zp — ZAA Zr

Then the angle, y, between the normal vector of the surface, i,
and the vector, F, is:

Xn Xr
Yn | - |Vr
n-r Zn Zr

_ (14)
X2 yE 422 /X2y 4 2

The azimuth angle, «, is found in the same way, using the per-
son’s orientaon, 0, and the vector. 7, though only calculated in the

horizontal plane:
Xo Xr
cos (@) = = Oxy = Txy Yo Yr
[= Oxyl - |[= Txyl 1/;((2]_|_y(2).,/x,2__|_y$

The altitude, B, is the angle between the vector, a, and the pro-
jection of the vector, d, onto the horizontal plane:

(15)

Xr Xy
Yr| | ¥r
F-— Txy Zr 0

cos(B) = (16)

(7] - 1= rxyl) \/x?+y$+zﬁ~\/x§+y%

The Simpson method is used to optimise the calculation time
when solving Eq. (9). The Simpson method combines the centre
method with the trapeze method, where the value of a small area
is calculated at the centre of the area and as a mean of the values
in the corners. The method requires the number of small areas to
be an even number in both directions.

The principle can be written as:

where k is the grid size in x-direction, h, is the grid size in the y-
direction.
The matrix weighting the results can be made in 5 steps:

e Step 1: Make a matrix of ones with N rows and M columns cor-
responding to the division of the surface, both N and M has to be
even numbers.

e Step 2: Row 2 — (N — 1) is multiplied by 2

e Step 3: Column 2 — (M — 1) is multiplied by 2
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e Step 4: Row 2 — (N — 1) is multiplied by 2 in every 2nd row
e Step 5: Column 2 — (N — 1) is multiplied by 2 in every 2nd column

1111111 1111111
1111111 222 2 2 2 2
1111111 22222 22
1111111122222 22
1111111 222 2 2 2 2
1111111 222 22 22
1111111 1111111
12222 21 12222 21
2 4 4 4 4 4 2 4 8 8 8 8 8 4
2 4 4 4 4 4 2 2 4 4 4 4 4 2
- 12 4 444 42| —->1488 888 4
2 4 4 4 4 4 2 2 4 4 4 4 4 2
2 4 4 4 4 4 2 4 8 8 8 8 8 4
122 2 2 21 122 2 2 21
1 4 2 4 2 4 1
4 16 8 16 8 16 4
2 8 4 8 4 8 2
—- |4 16 8 16 8 16 4
2 8 4 8 4 8 2
4 16 8 16 8 16 4
1 4 2 4 2 4 1

A.2. Surface to surface

In the calculations, the numerical solution is found by first look-
ing at the small area AA; and calculating the view factor from this
small area to object 2. When this has been done for all the small
areas of object 1, then the total view factor can be found.

The normal vectors of the surfaces are given as:

Xn, Xn,
- M =|Yn —> My = |Yn,
Zn Zn,

1
For each small are of the surfaces, AA; and AA, we look at the

position of the centres and can thus calculate the vector, ', between
them:

XAA, — XAA; Xr
= {Yaa, —Yaa, | = | Yr
ZAAy — ZAA, Zr
The length of 7 is:
=X +y;+2

The angle, y1, between the normal vector of surface 1, — ny,
and the vector, 7, is:

Xny Xr
Yy | - | Yr
— M T Zn, Zr

Cos = =
)= = A S
VX YR 2 XY+ 2

The angle, Y2, between the normal vector of surface 2, — n,,
and the vector, d, is:

Xn, —Xr
.Vnz : —Yr
— ny - (—T) Zn, —Zr

cos = =
)= e T 12 i
\/xn2+yn2+zn2' X tYr +2zr

To optimise the calculation time when solving Eq. (12) the Simp-
son method is used - twice.
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