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MEASUREMENT OF PROJECTED AREA FACTORS FOR THERMAL
RADIATION ANALYSIS ON EACH PART OF THE HUMAN BODY
AREER &R & L 72 BB O 72 0 DR EAERBISE

Masayuki OGURO*, Edward ARENS**, Hui ZHANG***,
Kazuyo TSUZUKI **** and Tadahisa KATAYAMA*****
KEBEWZ, ZF7—F TV X, 74 Foo, HEMMA FILEX

This paper provides projected area factors for each part of the human body to allow the radiative heat transfer
between the human and surrounding surfaces to be calculated. We first describe ways of calculating angle factors,
effective radiation area, radiative heat transfer coefficients, and the mean radiant temperature for each segment of the
human body. Then we describe an approach to measuring projected area factors using a manikin. Projected area factor
distributions and other important elements for radiation analysis are presented and compared with other studies.

Keywords ! Radiative heat transfer, projected area factors, human body,
thermal comfort, asymmetric thermal eénvironment
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1. INTRODUCTION

There are mény situations where the evaluation of asymmetric thermal radiation environment is required. For example,
environments in buildings near ¢old windows in winter, room environments controlled by heated or cooled panel systems, environments in
large spaces like atria whith have large temperature differences between floor and ceilings in addition to many cold/hot windows, and so on.
In these highly asymmetric environments, radiation analysis is required not only for the whole body but also for individual body parts.

There is a strong need for a radiation analysis model at the body-part level, and for empirical data for the model (Stolwijk?,
1971, Tanabe?, 1998 etc.). The completion of such a model partly depends on new radiation analysis and empirical data describing each part
of the human body.

There are many stidies on evaluation of thermal comfort and heat transfer at the body-part level¥™'? Also there are many studles
on projected area for hiuman body.“’“‘s’ However there is no study which fully describes all the projected area factors at the body-part level
for all the directions around the human body so that all the angle factors between any planes and each part can be estimated. This paper
describes measurements of projected area factors for each part of the body so that radiation exchange between any surrounding plane and
human body part under soirie assumptions or the effect of solar radiation on human body part can be calculated. We first describe ways to
calculate angle factors, ¢ﬁ’¢gtive radidtion area, radiative heat transfer coefficient, and mean radiant temperature for each segment of the
human body under some cpndiﬁons. Then we present measured distribution of projected area factors for 16 body segments. And effective
radiation areas, effective radiation area factors, and angle factors are calculated and compared with other studies.

2. DESCRIPTION OF THREMAL RADIATION

Fanger'” (1970) méasufed all the projected area factors of a whole human body as seen from all directions, using photographs
taken from 7m away and calgulated angle factors between a whole body and rectangular surfaces. Steinman'® also calculated angle factors
between a whole body and in‘qline‘d walls using those data. Fanger's data are very useful because no matter what the distance is, angle factors
can be calculated based on the projected area factor distribution. Horikoshi'™®et al. (1978, 1988) and Tsuchikawa'? et al. (1988) directly
measured angle factors bétiween rectangular planes and the human body using a special fisheye lens in the short distances. However those

* Taisei Corporation, M. Eng KBRS THE
** Prof., Center for Edvitonthental Design Research, Univ. of California, Ph. D.
*** Center for Environmental Design Research, Univ. of California, M. Eng.

**** National Institute of Bioscience and Human-Technology, Ph. D. LT EZBMIIZR Ph.D.
**%¥% Prof., Dept. of Energy and Environmental Engineering, Interdisciplinary Graduate HIRERFER A THNREL AN X —T¥ER
School of Engineering Sciences, Kyushu University, Dr. Eng. I



data can be used only for a whole human body.

Recently Tsuchikawa?® et al. (1991) measured angle factors between rectangular planes and 4 parts of the human body (head,
arms, trunk, and legs), using a fisheye lens from distances of 1 to 2.5 meters. However their angle factor diagrams can be used only in those
distances.

In this study we took Fanger’s approach to estimate the angle factors for each body

part because angle factors can be calculated no matter what the distance is. Table 1. Surface areas

(1) Angle factor between a body part and a plane Body Surface
Consider a man and a plane in the surroundings with surface area A,. Consider one Seament Area(m?
of the body parts with surface area A; and a differential element dA, out of the plane. Imagine Back 0.128
the connecting line from the center of the body part to the center of dA,. When the polar angle at Chest 0.138
dA,is 6, we can consider the angle factor between A, and cos8,dA,. According to the reciprocity L;‘tei?m 8 (1);3
theorem (ASHRAE FUNDAMENTALS,? 1997), | oft Foot 0.043
' Left Hand 0.038
A AF 0s02a42=0050, A, F o cp0aa2.1 6)) Leftleg 0.090
: Left Upper Arm 0.076
Where. ‘ Left Thigh 0.160
’ . L Right Arm 0.051
8,:polar angle (angle of incidence) between the connecting line of the center of the two Right Foot 0.042
differential surfaces and the normal of differential surface dA, Right Hand 0.036
A,: effective surface area of the targeted body part _Right Leg 0.090
Ay sultface area of the plane RIGF?it Eooe_';]ﬁ‘r g?gg
dA,: differential surface area of the plane _ MP elvic Reqion 0.170
dF | cose20n2- angle factor from the body part A, to the differential surface cos6,dA, Whole Body 1.469

Foemanz1: angle factor from the differential surface cos8,dA, to the body part A,
IfdA, is very small,
dF; 402 = dF 1 cospoana @
Therefore, the angle factor between A, and A, would be
FI-A2=JA2 dF s =-[A2 dF coseram = IAZ(F cossaanz-1/Ay) C0S0,dA, 3)
If the distribution of F _,4424/A, is known, the angle factor from a body patgt A, to a surface A,
can be determined through numerical integration (Eq. 3). i
On the other hand, from the definition of angle factor (ASHRAE FUNDAMENTALS,?
1997),
F cosnans. =] pi(c088,0080”,dA /TR ) @
Where,

0,:polar angle on the surface A,, 6°,:polar angle on the surface cos0,dA, ,
R: distance between dA, and cos6,dA,

If the size of the body part A, and the portion dA, is very small compared to the distance R, one can Figurel. Thermal manikin
consider that cos6’,= 1.0. Then Eq. (4) can be written as,

Guide ralil
FcosGZdA2-1=I a1(c0s8,dA,/mR?) . along the
AR ) : dome
ith - Camera
A= ,(cosB,dA)) ©) Dome with

radius of 3.5m

Where, A, is the projected area of the body part on the half sphere with radius of
R whose center is at the center of the area cos8,dA,. However, if the size of the
body part A, and the portion dA, are very small compared to the distance R, A,
can be approximated as the projected area of the body part to the plane which
comes in contact with that half sphere at the center of the body part.

Now, by substituting Eq. (6) to Eq. (3),

Turn table

Manikin

Figure 2. Experimental set-up for projected
area measurement



R: Distance between

| (I/R)IAZ {(f; /R?)cos6,}dA, ) the camera and
| body center

f=(Ar/A) ®) pa yee
Where', ) s ‘P\(
f;: projected area factor s\

1, 7y
Using Eq. (7), once fp distribution against all the directions is determined, K 77 The center of the body
{4

any angle factor from a body part A, to any surface A, can be determined The
through numerical integration.

(2) Effective radiation area

Consider a large sphere with radius r instead of the plane A,.
Because F,,, should be 1.0, the effective radiation area of the body part
A, can be estimated from Eq.(9).

Ao: Area on picture

Ap: Projected area to
the shpere with

A= (Umy, {(Ap /R)cos0, }dA, ® radius Rr
fe=A/A, (10) ,
Figure 3. Estimation of Ap of a segment from
Where, pictures taken toward body center

dA,: differential area on the sphere with radius r from which solid
angles were measured

R,: the distance between targeted part A, and dA,

6.: polar angle on dA,

f.q4 effective radiation area factor for the part A,

A ,: actual surface area of the part A,

Using (9), once fp distribution against all the directions is determined we can estimate the
effective radiation area A,. This effective radiation area estimation is needed only once for each
posture of the human body. And by considering the body part as the whole human body,

Eq. (7) through Eq. (10) can be used also for the whole human body.

Figure 4. Coordinate system

(3) Radiation heat transfer coefficient . :

Strictly speaking, description of radiant heat transfer for each part of the human body has to include the radiation heat exchange
between the body parts. However, under the conditions where the surface temperature difference between all the segments is very small and
we can practically assume that heat transfer between the segments is negligible, the following formula (ASHRAE FUNDAMENTALS,?)
1997) for whole human body can be used.

h=4¢ o £5{273.24(t,+)2}>* (11

Where,
h,: radiation heat transfer coefficient for each segment, « : emissivity for each segment,

Table 2. Coordinates of segments
o :Stefan-Boltzmann constant, t,;: surface temperature of the segment,

t,: mean radiant temperature for each segment . Body Coordinates(m)
Segment X Y
— 08 — 0.6 Back -0.05°] 0.00 | 0.38
2 o5 | WHOLE BODY 2 15 | wHoLE BoDY ?_I';ng 8'82 8-88 8-23
§ 04 } § 04 | Ceft Arm -0.05 | 0.24 | 0.4
s 0.3 3 s 03 Left Foot -0.05 | 011 [ -0.83
£ £ Left Hand -0.02 | 0.27 | -0.08
7 02 5 02 & Left Leg -0.05 | 0.12 | -0.62
< 04 2 0.1 Left Upper Arm 1 -0.02 T 0.21 0.41
3 0.0 e 0.0 Left Thigh 0.00 0.12 | -0.09
a 0. . + . : > a 0. . L + L H = =

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360 FF({igrr\‘tt ,':‘gg‘t (? (?07 v_gf‘;’ _%_08%
Angle A [degrees] Angle A [degrees] Right Hand__[ -0.03 | -0.22 | -0.12
AngleB [—o—0 —o—15 —A—30 l Angle B —o— 15 —~—-30 Right Leg -0.02 | -0.11 | -0.62
[degrees]| —%—45 —%—-60 ——75 ——90 [degrees]| —%—-45 —%—-60 ——-75 —<—-90 Right Upper Arm] -0.08 | -0.21 0.41
Right Thigh -0.02 | -0.11 | -0.11
Figure 5. Projected area factor distribution for WHOLE BODY Pelvic Region 0.00 0.00 0.11




(4) Mean radiant temperature for each segment

Strictly speaking, mean radiant temperature for each part of the human body has to include the effect of the radiation from the
other body parts. However, under the conditions where the surface temperature difference between all the segments is very small and we can
practically assume that heat transfer between the segments is negligible, the followmg formulae for the whole body (Olesen, * 1989) can be
used also for each segment of the body.

o (4;+273.2)*=B, F, .+ B,F.,+... +B,F,, (12)
and '

2F., =1 13)

Where,
t;: mean radiant temperature for the segment named i, B, : radiosity of surface n, F, ,: angle factors between a segment i and surface n

Furthermore, assuming high emissivity for surrounding surfaces and relatively small temperature differences between the surfaces,
the following formula for the whole body (Olesen, ® 1989) can also be used for each segment of the body.

= Pt Pt +4F, (14)

Where,
t,: temperature of surface n

In field measurement of mean radiant temperature, plane radiant temperature in 6 directions is sometimes used to estimate mean radiant
temperature. It would be very convenient if we can estimate that for each part from plane radiant temperature in 6 directions as well.
Olesen® (1989) suggested that mean radiant temperature for whole human body might be approximately calculated from the plane radiant
temperature in six directions (up, down, left, right, front, and back) and weighted according to projected area factors of a person in the same
six directions. Although further detailed study concerning the accuracy of this approximation, this idea might be also applicable for each part
of the body, noting that any directions cannot be treated as symmetry.

Table3. Comparison of effective radiation area factors for whole human body

Present Fanger Tsuchikawa Tsuch|kawa Ozeki Mlyazakl

Study etal. 19 gtal. 19 etal.? etal.d etal.”

Height 1.60 1.72 1.63 1.68 175 1.71

Surface Area 147 1.74* 1.51* 1.80* 1.72 1.58

Effective Radiation

Area 1.24 1.26 1.22 1.44 128 . 1.32
Effective Radiation o

Area Factor 0.85 073 . 0.81 0.80 0.74 0.83

*DuBois Area

Table4. Comparison of effective radiation areas

Effective Table 5. Effective radiation
Radiation Effective Radiation Area (m? area factors
Body Segment |_Area(m3 Body Segment :
Present Present |Tsuchikawa Ozeki vel
Study Study etal. 20 etal.® Bod Effectiv
Back 0.115 s ¥ Area
Chest 0,122 Head 0.11 047 0.12 egment Factor |
. Head 0.107 9% 12% 9% Back 0.90
LLfo tt ,/_:\m; g 8;; Chest 0.88
eft Foo .
Left Hand 0.030 Body 0.38 0.61 052 Lgﬁ\fm 8 g;
LeftLeg 0.084 {Back+Chest 31% 42% 41%) Left Foot 0.87
Left Upper Arm 0.063 Pelvic Region) .
—eilipperam 0093 +Pelvic gk Left Hand 0.80
[ Right Arm 0.040 Arms 0.27 0.25 0.26 LeftLeg 0.93
Right Foot 0.039___ | (Arms+Upper Arms 22%) 17% 20%) Left Upper Arm 0.82
|__Right Hand 0.028 +Hands) . Left Thigh 0.86
—Hight Le 0,000 ' Right Arm 0.78
Arm| 0,066 Legs 0.52 0.47 0.38 Right Fool 0'91
_Pngm_'l'_h,Lgh 0,140 (Feet+legs 42%) 33%| 30% n d 0.78
elvic Region | 0.146 +Thighs) | Right Han
Total 1.276 1.28 1.50 - Right Leg 0.89
- : 103%) 104%) - Right Upper Arm | 0.90
Whole Body 1.242 1.24 144 1.28 Right Thigh 0.85
100% 100% 100% Pelvic Region 0.86
Surfg‘ce Area 1.47 1.80 1.72 Whole Body 0.85

*DuBois Area
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Figure7 Comparison of angle factor with Fanger’s results

(left: front walls, middle: side walls, right: ceilings)

t=(f,[up].t,[up]+f,[down].t [down]+
f [right].t [right]+f [left].t, {left]+
£ [front].t [front]+£ [back].t, [back])/
(£,[up]+f,[down ]+ [right]+
f [lefij+£ [front]+ f [back])  (15)
£l 1 : projected area for each of 6
directions
t, [ ]: plane radiant temperature from each
of the 6 directions

3. MEASUREMENT OF PROJECTED
AREA FACTORS
(1) Thermal Manikin

A segmented thermal manikin
(Tanabe, ® 1994) was used for the
measurement of projected area of the
human body segments. This manikin, of
female shape, is one of several developed
to evaluate asymmetric thermal
environment by measuring the heat loss at
each part of the body. Fig.l shows a
picture of the thermal manikin. The 16
body segments and their respective surface
areas are listed in Table 1. The manikin
was chosen for the radiation study based

on the following considerations:

a. The surface area of each segment is
clearly defined.

b. Combination of heat loss measurement
and this radiation study enables us to
separate radiative and convective heat
transfer,

c. There is almost no limitation
concerning measurement procedure.

(2) Measurement procedure

A sky simulator dome of radius
3.5m was used for this radiation study. The
facility has a guide rail running
longitudinally to the zenith. “In normal
use, a light representing the sun travels up

a

Front Wall Side Wall

Ceiling
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(left: front walls, middle: side walls, right: ceilings)

and down this rail on a motorized carriage.
A turntable at the base of the half sphere
allows the sun’s azimuthal movement to be
simulated. By setting a camera instead of
the light bulb on the carriage and laying the
manikin on the turntable, one can easily
take pictures from all directions. Fig.2 is
the experimental set-up for measuring the
manikin’s projected areas. First the
manikin was set on her back on the
turntable and rotated in the horizontal
plane. Pictures were taken with a 35mm
camera with a 50mm lens. For 0, 15, 30, 45
degrees vertical angle, pictures were taken
at every 15 degrees in horizontal angle. For
60 and 75 degrees vertical, pictures were
taken every 30 degrees in horizontal angle.
One picture was taken at 90 degrees. After
recording the manikin on her back, the
manikin was turned over and set face-
down. Then the above-mentioned
procedure was repeated. The center of the
pelvic region was set at the center of the
dome throughout the experiment. The
center of the body was 0.86m above the
floor for the standing manikin.

In addition, pictures of a ball
with radius of 239mm were taken in order
to determine the conversion ratio from the
negative area (measured in number of
pixels) to the actual area in square meters.

(3) Estimation of projected area

All the films were developed and
the negatives were used to analyze
projected areas. The negatives were
digitized at 1000 dots per inch resolution.
The number of pixels was counted by
using computer software (SigmaScan 2.00)
for image measurement.

The conversion ratio from pixels
to actual projected arca was estimated by
dividing the known projected area of the
ball by the number of the pixels in its
photograph. This conversion ratio was used
for all the picture analyses. The areas
estimated in the above manner correspond
to the area on the plane normal to the
direction of the camera at the distance -of
3.5m. Thus the areas further away have to
be converted to the required projected
areas at the position of each segment. For
this purpose the coordinates for each
segment of the body were also measured
from the pictures taken from the top of the
dome and in the horizontal plane. Fig.3
shows the relationship between projected
area Ap and the area estimated from
counting the number of pixels. Ap can be



estimated as follows.
A=A, (m/R) Zcos6, (16)

Where,
A, the area on the plane normal to the direction of the camera at the distance of 3.5m, m: the distance between the A, and the camera,
R;: the distance between targeted part and the camera, 6,: polar angle on dA,

4, RESULTS AND DISCUSSION

Fig. 4 shows the orthogonal coordinate system for the segment of the body and the spherical coordinate system for projected area
distribution. The measured locations for each part of the body are shown in Table 2, in the orthogonal coordinate system. The conversion
ratio of actual area to the number of pixels is 0.0228 square centimeters per pixel. Projected area factors are presented in the spherical
coordinate system. Results for the manikin on her back are presented as the results for the front side of the human body, and those for the
manikin on her face are presented as the results for the back side of the human body.

(1) Effective radiation area and effective radiation area factor .

First the projected area distributions were acquired, then numerical integration based on the Eq. (9) was carried out. The
calculated effective radiation areas and the effective radiation area factors for the whole body are listed in Table 3, compared with the results
from other studies. The total body effective radiation area factor in this study is 0.85 and lager than the other studies. This may be due to
slight difference of standing posture, i.., the posture of the manikin in this study may be slightly more open than the others. The results for
each part of the body are listed in Table 4, corripared with Tsuchikawa’s and Ozeki’s results. When comparing in terms of head, body, arms,
and legs based on Tsuchikawa's definition, the ratios of each part to the total are pretty consistent with the other two studies. The differences
of about 10% in body and legs may be due to the difference of the line dividing the body and legs. The largest effective radiation areas, in
order, are the pelvic region, thighs, chest, and back. The order of the actual surface areas is the same. The effective radiation area factors
based on Eq. (10) are also listed in Table 5. The effective radiation area factors at hands and arms are a little less than other segments. This
can be explained by blocking effect of the trunk that exists along those segments. '

(2) Projected area distribution

Eq. (8) gives us the projected area factors, and these enable us to calculate angle factors from each part of the body to any plane.
Fig. 5 shows the results of the distribution of the projected arca factor for the whole human body. Concerning whole-body results, the
distribution is symmetrical between A <180° and A>180° as might be expected. Symmetry can also be seen between the front side and back
side as expected. The maximum value of fp is 0.36 for B=90° and -90° and minimum value of fp is 0.07 for (A, B)=(180°, 0°). Because our
coordinate system is different from Fanger's, all the results cannot be directly compared. However, these results are almost consistent with
Fanger’s results, i.e., maximum fp is 0.35 and minimum fp is 0.08 at the same angles.

Fig. 6-1 to 6-2 show the results of the distribution of projected area factors for each segment. For example, in the left arm we
can understand that the left arm can not be seen from her front side because it is almost perfectly blocked by other body parts when A is 225°
to 315° and B is less than or equals 15°. When comparing between the front side and back side, it is easy to understand that for the back and
chest distributions look as if they were changing places between front side and back side. However, any segment including limb parts
cannot have the symmetrical distribution between the front side and back side as appeared for the whole body. This can be explained in that
some of them are blocked by a different segment when seen from - the front side versus back side. Some of them also have different shapes
from the front and back because of the slope of the lines dividing the segments of the whole body.

(3) Angle factor

Based on Eq. (7), angle factors between the whole body and a rectangle in front of the human body were calculated for a
comparison with Fanger’s and Tsuchikawa's results. Fig. 7 shows the results for the whole body with Fanger's data. The difference was
within 10%. In considering the difference of height of his subjects versus the manikin (172/160 centimeters), it can be said the results are in
very good agreement. Fig. 8 shows the comparison with Tsuchikawa’s results for short distances. For ¢=2m in front and side walls, also for
¢=1.5m in ceilings, In considering the difference of height of their subject and our manikin (167.7/160 centimeters), it can be said the results
are in very good agreement. However, for c=1m, our results and Fanger’s are significantly different from Tsuchikawa’s results in many
cases. These results suggest that our data can be used for walls at 2m or more distant or ceilings 1.5m or more distant and for short distances
such as 1m, Tsuchikawa’s results should be used.

5.SUMMARY

We provided a description of important elements in radiative heat transfer for each part of the body. In addition we actually
measured the projected area factors for each part of the body by using a standing thermal manikin. Angle factors were calculated from these
measured data and compared with other studies. The comparison generally showed good agreement and demonstrated that our data can be
used for distant walls or ceilings as well as Fanger’s data. The projected area factors for each body part measured in this study can be used in
many ways to investigate radiation heat transfer to and from each part of the human body.
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