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Abstract—This paper reports an experimental study on a isigep

thermal manikin in a room equipped with a mixingntiation
system. In the experimental work, heat loss froendleeping thermal
manikin was measured under different conditionse Bapply air
temperature was in a range oPC7to 27C. Apart from the heat loss
of the sleeping thermal manikin, the velocity disitions and
temperature distributions were also measured irekperiments for
subsequent analysis.
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|. INTRODUCTION

Miyazawa [11] suggested that the range of a theneatral
temperature was about 22 + 3°C. Miyazawa furthemsh
that the room air temperature ranged between 1h8i28°C,
the quality of sleep was not significantly affectéthskellet
al. [8] reported that there were considerable vamesti of
individual's sensitivity to room air temperaturerithg sleep. It
was found that the sleeping patterns of two subjewtre
similar when the room air temperature was mainthia¢
29°C. However, these investigations focused sotelythe
influences of room air temperature. Other factarshsas air
velocity, air turbulence intensity, radiant tempeara of

HE current practices in air conditioning are mainlynternal walls and the total insulation value ofbedding

involving the situations in workplaces or otherslge
places, such as shopping malls and restaurants tetse may
however not be directly applicable to air conditimn
provided for sleeping environments. However, inhbbpic
and sub-tropic regions, the use of air conditionisgto
maintain comfortable indoor thermal environments oy in
workplaces during daytime, but also in bedrooms
residences, guestrooms in hotels and wards in tabspit
night time. Therefore, it becomes necessary to ystind
thermal environment in an air conditioned sleepspgce in
order to provide people with a thermally comfor&ableeping
environment at low energy consumption.

A human being spends approximately one-third of/ trisr
life in sleep. Sleep is not simply a state of rbst, has its own
specific and positive functions [1]. Sleep can hekople
overcome tiredness, and is very important to ohealth. In
decades, numerous medical researchers have
investigations on various factors related to slgeality [2-6].
The quality of sleep was mainly determined by twotdrs:
mental-physical factors and bedroom environmentgofigh

system could also considerably impact on the quafitsleep,
but the acceptable range is bigger. Therefors, riecessary to
embark on studying the effects of other factors hbot
experimentally and computationally rather than lgotelying
on room air temperature. For experimental studilesymal
manikins were originally introduced at least hatfemtury ago
dp measure the thermal resistance of clothing.9m71 Mihira
et al. [12] developed a thermal manikin not only forthiag
insulation measurement, but also for the evaluatiothermal
environments. Although an experimental study usirigermal
manikin was able to provide detailed informatiorclsas air
velocity and turbulence intensity, air and wall paratures,
etc., it could be rather costly and time-consumidgnce, a
growing number of Computational Thermal ManikingT {@s)
have been proposed for the purpose of identifyimgl a
evaluating parameters that were either very expensi very

mé&kfficult to be experimentally obtained.

A CTM was firstly defined and proposed by Murakaeni
al. [13]. In the study, five CTMs were placed in fiddferent
rooms, which were air conditioned with five diffateair

the bedroom environments consisted of many factordistribution systems. The air flow fields around¢le€£TM and

including light, noise and thermal environment, thituence
of thermal parameters in a sleeping environmertherquality
of sleep was gradually acknowledged and documdiitd®].

The last few decades there were a few investigatibndying
the relationship between sleeping thermal envirariraed the
quality of sleep.
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the convective heat transfer between each CTM dsd i
surroundings were numerically investigated and cmexp.
Using the same CTM, the convective and radiant traasfer,
and the moisture transfer between a CTM and itosadings
in a room with a displacement ventilation systemswa
numerically investigated by Murakarsi al. [14]. The study
consisted of two parts: in the first part, a twaleo
thermoregulation model was employed to simulate the
thermoregulatory process and calculate the intertmeadt
transfer inside the CTM; in the second part, that laed mass
transfer between the CTM and its surroundings was
numerically modelled. The outputs from the firsttpauch as
sensible heat loss from occupants’ skdy, sweating rate from
occupants’ skinm, etc., were used as boundary conditions for
for the second part. However, the outputs from gheond
part, such as mean skin temperatugg, mean indoor air
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temperaturet,, water vapor partial pressurB,, etc., were
used as the inputs to the first part. In additionith the
advancement of technology, a CTM with real geomefra
seated female was obtained by scanning througheaméh
manikin using laser scanning technique [15]. TheMCWas
used in a numerical study to assess the effectbgeiné a
personalized ventilation (PV) system and the rdlateermal

comfort issueslt can be seen that in previous related studies,

the main concerns were on the situations where lpaggere
awake or where they were in either standing oreskposture.
Concerning sleeping environments, the posture feleaping
person was different from a standing or seatedoper$he
metabolic rate for a sleeping person was 40 ¥Mhich is
lower than a standing or seated person, suchhitbanean skin
temperature of a sleeping person in the state efnthl
neutrality would be higher. Thirdly, the effects tifermal
insulation of clothing were mostly neglected in \po&is
related numerical studies [13-15]. The fact wasyéder, in a
sleeping thermal environment, the total insulat@iue of a
bedding system would play an important role in thermal
neutrality for a sleeping person [16]. This papeparted
results of the experimental study on a sleepingnthé
manikin in a room with mixing ventilation. In theperimental
study, the heat loss from the sleeping thermal kiranvas

measured under different conditions. The supply al' human being

temperature was in a range of %7 to 27°C. Apart from the
heat loss of the sleeping thermal manikin, the aiglo

distributions and temperature distributions wes® aheasured

in the experiments for subsequent analysis.

Il. EXPERIMENTAL METHOD

The experiments were conducted at The Hong Kongi. surface temperaturety,

Polytechnic University in a thermally controlled achber
(Figure 1), and its physical size was 3600 (L) mra590 (D)
mm x 2500 (H) mm. The thermal manikin was placeth &
supine position on a single bed with dimension$3G0 (L) x
920 (W) mm in the chamber and the bed with mattress
located at the middle of the chamber. The suppijegwas
located at the center-bottom on one side wall, tuedreturn
grille was located at the center-top on the samhe wiall. The
supply air temperature and flow rate were reguldtgd DX
conditioning system.

Fig. 1 Environmenal Chamber
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Fig. 2 Thermal Manikin

The Thermal Manikin shown in Figure 2, Alex, wasgided
into 20 independent segments (Left/Right: foot, leg, front
thigh, back thigh, hand, forearm, upper arm, andvigpe
backside, face, crown, chest and back), each udthown
temperature sensors, and heating and computerotsgitem
to approximately simulate the skin temperaturerithistion of
In order to correctly simulate therrnal
receptors all over the body of a human body, teatpes
sensing elements were distributed all over the kirasurface.

The manikin was heated by the same wiring used for
integrat®l) (
controller was used to produce the required mean sk

measurement. An individual proportional
temperature in each body segment of the manikie Mkean
was an
influencing human’s thermal sensation. The follayvimear
regression equation, which was proposed as a ¢omdibr
optimal thermal comfort by Fanger [17], indicatbe t/alue of

t« in which the thermal neutrality may be achieved:

t, = 357-0.0275M —W) €

In the state of thermal neutrality for a sleepiegson whose

activity level was lower than a seated person:
M =40 (2)
W=0 (3)
The mean skin temperature would increase to:

t, =346 @)

The skin temperature was 34.6 °C for all body segme

Detailed air velocity and temperature measurememie
accomplished by using eight lightweight sensor ripgat
allowed a vertical array of sensors at desired oreasent
heights. At eight locations (as shown in Figure i8)the
chamber, air velocity and temperature were measatddur

important factor
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heights: 0.1m, 0.6m, 1.1m and 1.7m. The 0.1m, Ozfwi
1.1m levels correspond to recommended measurereagtith
for seated subjects as specified by AHSRAE [18].
Temperatures were measured with K-type thermoceugptel
velocities measured with omnidirectional anemongeleving

a range of ©2.5m/s. All sensors were calibrated prior to
testing. The measurement accuracy of the anemonvatet1

% of the full scale reading. In addition, all temgterre and
velocity data were recorded by two Agilents 34970A
automatic data logging system. During the testsygoanput
and mean skin temperature of each segment of tenéh
manikin, supply air temperature were continuousbnitored
and recorded at an interval of one minute. The nvadue of
each parameter was calculated based on at lestgt steady-
state data.

Fig. 5 A conventional mattress

Il EXPERIMENTAL RESULTS

The experiments were firstly conducted with a naked
thermal manikin under various environmental coodii The
thermal manikin was covered sequentially by Q1,apd B,
respectively. People seldom cover their bodies Wwétdings

A B c 2 entirely (at least their heads are exposed). Petgolechange

+ + their personal insulation by covering and uncowgmarts of

b . - their bodies with bedding to achieve desired thémoanfort

s -t s 1— s level. To systematically study the effects, McCutjb et al.
[19] developed seventeen different configuratioisbody
surface coverage by bedding and bed. It includegl to

s s s coverage (100%) to no coverage (23.3% or nude a). be
30 | 1370 X 1370 O Three commonly-used configurations were selectedtlie
experiments reported in this paper. Figure 6 shahes
examples of experimental conditions and illustrathe
placement of bedding on the thermal manikin, witte t
percentage coverag@d) of body surface area by bedding and
bed indicated for each configuration [19].
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Fig. 3 Locations of air temperature and velocityameement inside
the experimental bedroom

The components of the bedding system included beddi
bed and mattress used by occupants during sleepiypas of
summer quilt (Q1 and Q2), and a blanket (B) werdus the
study (as shown in Figure 4). Although a varietynudttress
was available, conventional mattress could provideal
insulation and better sensation. For practical gessit was
assumed that there was no steady heat loss thtbeghody
surface where it was in contact with the mattrefsvever, the
firmness of a mattress might affect the amountasfybsurface
area in contact with the mattress, but the resultanation in
insulation was minimal among conventional mattregd®].
The conventional mattress used in the study wasvisha
Figure 5. 48.0% 67.0% 94.1%

Fig. 6 Examples of experimental conditions [19]

Figure 7 shows the average air temperatures athfeights
under different supply air temperatures. It carséen that the
average air temperature decreased with increasingeight
since the supply grille was located on the tophef one-side
wall. The temperature differences were large witly supply
air temperatures. However, the temperature differenwere
not significant among four heights under these tant.
Hence, this mixing ventilation system could provaeniform
Fig. 4 Blanket (B), Summer Quilt 2 (Q2), Summer IQLI(Q2) environment for a sleeping thermal manikin.
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Fig. 7 Average air temperatures at four heightseuuiifferent supply
air temperatures

Figure 8 shows the air velocities at all points emsupply
air velocity 2 m/s. It can be seen that the aioeiies were in
a range of 0 m/s to 0.4 m/s. The air velocitiesenewer than
0.25 m/s at a height of 0.6 m, where it was closthé height
of the bed with mattress. However, there were a femts
where the air velocities were high, for examplénpbocation
2/ 1.7m. This point was near to the supply ailg(Fig. 3).
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Fig. 8 Air velocities in all measurement points andupply air
velocity 2 m/s

The heat loss from a naked sleeping thermal mamidy
be influenced by various environmental factors,hsas air
temperatures, wall temperatures, air velocity aied FEigure 9
shows the heat loss from a naked sleeping therraailikin
under various environmental conditions. The supply
temperature would significantly affect the magnéuaf heat
loss. The higher the supply air temperature was,léss the
heat loss to the ambient was. The increase in guppl
velocity from 1m/s to 1.5m/s resulted in the inceaf heat
loss, 7.3 W/rhi It was nearly twice of 3.6 W/mwhich was led
by the increase in supply air velocity from 1.5 na/'2m/s.

The supply air flow would also affect the heat lo$he
higher the supply air rate was, the higher the hesg was.
Three supply air flow rates were tested. The insgea supply
air temperature of 1 K would result in an increatbeat loss
5.27 W/nf, 5.4 W/nt and 5.57 W/rf) successively.
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Fig. 9 Entire body heat loss from a naked sleefiiegmal manikin
under various environmental conditions

27.00

Besides environmental factors, the total insulatialue of a
bedding system plays an important role in the hess from a
covered sleeping thermal manikin [16] to ambienheT
thermal resistance of a beddimg,and percentage coverage of
body surface area by bedding and béd, are crucial in
determining heat exchange during sleeping conditi® 20-
21]. The supply air flow rate and corresponding gerature
were fixed at 2m/s and 2Z, respectively in the experiments
in order to investigate the effects of the heats|lé®m a
covered sleeping thermal manikin. Figure 10 shdves Heat
loss from a covered sleeping thermal manikin witinee
different beddings at three differet. It can be seen tha#c
would significantly affect the heat loss from a emad thermal
manikin. The higher thé&c was the less the heat loss from a
covered thermal manikin was. Types of bedding would
significantly affect the heat loss from a coverddeping
thermal manikin. The difference in heat loss resufrom the
bedding became large whén was large.
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Fig. 10 shows the heat loss from a covered slegpigmgnal manikin
with three different beddings at three differéat

IV. CONCLUSIONS

In this study, the heat loss from a sleeping thémranikin
was measured under different conditions with aneption
from a sleeping thermal manikin. The velocity disitions
and temperature distributions were also measuredhén
experiments. The results suggested that the suply
temperature and air flow rate affected significartie heat
loss from sleeping objects to ambient. The totauliation
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value of a bedding system played an important parhe
process of heat loss from a covered sleeping tHemaaikin
to the space.
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