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Skin surface area of human body
Convection heat loss

Specific heat of air

Rate of convection heat loss from
respiration

Rate of evaporative heat loss from
diffusion

Maximum evaporation potential

Rate of evaporative heat loss from
respiration

Rate of evaporative heat loss from sweat
Rate of total evaporative heat loss from
the skin

Clothing area factor

Height

Overall heat transfer efficient by
convection and radiation

Convection heat transfer coefficient
Convection evaporative heat transfer
resistance at the clothing surface

Heat of water vaporization

Linear radiative heat transfer coefficient

Heat storage
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[ W/m?]
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[ W/m?]

[m]

[ W/m?hC ]
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[ W/m*kPa]
[kJ/kg]

[ W/m*C]
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m Body mass [kg]
M Rate of metabolic energy production [ W/m?]
m,., Rate at which sweat is secreted [kg/sm?*]
m... Pulmonary ventilation rate [kg/s]
Da Water vapor pressure in the ambient air [kPal
Dsrs  Water vapor pressure at the skin [kPa]
, Total rate of heat loss through
Q . [ W/m?]
respiration
Q Total rate of heat loss from the skin and
clothing [ W/m?]
R Radiation heat loss [ W/m?*]
R, , Evaporative heat transfer resistance  of
the clothing surface [m?kPa/ W]
R, Heat transfer resistance of the clothing
surface [m?kPa/ W]
t, Temperature of inhaled air [C]
t, Clothing surface temperature [TC]
t., Temperature of exhaled air [TC]
t, Operative temperature [C]
a Mean skin temperature [C]
to Skin temperature [TC]
Fraction of the wetted skin surface [-]
w,,, Skin wet ratio by sweat [-]
w, Specific humidity of inhaled air [-]
W.,  Specific humidity of exhaled air [-]
EEG Electroencephalogram [-]
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ECG Electrocardiogram
FOG Electrooculogram
EMG Electromyogram

MST Mean skin temperature
PLMS Periodic limb movement syndrome
RLS Restless leg syndrome
SWS  Slow wave sleep
Subscript

a Air

c Convection

cl Clothing

e Evaporation

ex Exhalation

fg Fluid to gas

i Indoor surface

) Operation

pa Pressure of air

r Radiation

res Respiration

rws Sweat

sk Skin
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A Study on Airflow Control of Air Conditioner for

Comfortable Sleep Algorithm Development

Hyung Woo Choi

Department of Refrigeration and Air Conditioning Engineering,

Graduate School, Pukyong National University

Abstract

Most people use air conditioner in daytime. But, they usually
don’t use air conditioner at night. As global warning phenomenon is
accelerated, the tropical nights phenomenon that outdoor
temperature exceeds 25C happens frequently. In this way, as the
tropical nights phenomenon happens frequently in summer, people
who appeal inconvenience in sleep are increasing. So, it 1s helpful
to sleep well using of air conditioner during the period that
happens the tropical nights phenomenon 1n summer. Existent

researches about sleep had been focused on diagnostic and



treatment of disease in connection with sleep obstacle. In foreign
case, some researches are achieved about relations between
temperature and sleep. For example, effect of indoor temperature
on change of sleep stage and body temperature, relations between
regulation of body temperature and sleep, etc. Contents of these
researches are insufficient to offer optimal control method of air
conditioner for comfort sleep in summer.

Therefore we need some control methods of air conditioner to keep
human's thermal comfort. Existent researches about Indoor thermal
comfort during sleep had been studied the fact that sleep comfort is
influence of ambient temperature. But they did not apply to airflow. So
the objective of this study i1s to' define sleep comfort by ambient
temperature fluctuations and airflow during middle part of sleep. This
study was performed to evaluate sleep comfort based on the analysis
of physiological signals, mean skin temperature and temperature -
humidity in bedclothes.

As results, we found that airflow stimulation assisted comfortable

sleep.
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Left eye Stag el

Right eye

EMG = ; -
Spindles

M‘-- WWWAW‘WW

r;]Eu.V

Fig. 2.4 Sleep stage 239
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Stage IV

Prédominantly delta
Fig. 2.6 Sleep stage 7
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Fig. 2.6°1= 49 4949 EOG, EMG, EEG A& EA<S vehy )
EMG
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(frontal) @94 REM¥} ZFEo] saw-tooth o] FF YEFAIRE

A T8 E @t} Fig, 2.791% REM 4 @49 EOG, EMG, EEG

M
RigfAt eye Coordmated<
1 : . .f

EMG - Extrememliy Low
Mw o ——— . e P
EEG

" 4 Similar to waking

Fig 2.7 REM sleep stagesg)

2.1.5 ™ H7}
1) &4 GA 24
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Table 2.1 Sleep stage criteria

Summary of sleep stage criteria

Stage EEG EOG EMG Comments
o 1S
Rapid, ) diagnostic of
Wake Rapid, .
( Low voltage Coordinated Relatively awake,
eyes oordinate
Y B(13Hz) high Relaxed,
closed) saccades
a(8 ~12Hz) Eyes probably
cosed
Mixed low Myoclonic
Slow, )
I voltage Roll Moderat jerks,
olling, oderate )
04 ~THz), & ) Hypnogogic
Uncoordinated .
No « images
0(4 ~T7Hz) . First true
il ] Minimal Moderate
spindle stage of sleep
Dreams
reported in <
' 20% of
0(1 ~3Hz) is )
| awakenings,
I 20%~50% of | Uncoordinated | Low
May respond :
the record ”
[ was
thinking
about..."
Dreams
reported in <
0(1 ~3Hz) is 20% of
th k i b
I\ rhore than Uncoordinated Low awarxenmss
50% of the May respond :
record "I was
thinking
about..."
) ) Dreams
Rapid, Rapid, )
) Lowest : RE | reported in >
REM Low voltage Coordinated )
M paralysis 80% of
sawtooth bursts )
awakenings
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30% 4dol9 lepochz A= lom Z; epochrith A4 o2 vd &

it
ok
>
Y
N
L
s
2
N
ol
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53Uz Sampling frequency Labview Labview ver 7.1
=512 Hz Ver 7.1 Matlab ver 6.5
| ECG Lead | 1CH }
|
| L
| EEG C3-A1, C4-A2 2CH '
| A/D —t dlole =& HEENHE =04 AFEH
> g ( 1epoch = [—»| = 240 cpoch || KS=24
| = 30 sec ) (08 2A12}) (40 2412+)
| E0G R-L system 2CH |
- | r ml M |
| e cninsysten 104 | ||ovt w210z |, | _—
24071 T Stage |
|— - — | OUTPUT t——-

1
e
M
E=
AL
Jx

Fig. 2.8 Sleep state analysis system

el XS = Labview ver 7.12 #AAHE foly &4 213 (Fig.
290 o8 54 T Aes AAECRE displayst™ sAI HFE
ARttt 3" A AsE Xl oA Labview ver 7.13
Matlab 6.5% T3 W A8 24 T22%(Fig. 2.1002% 2t epoch

=
o] 1 Atgje} £ = E3AHI=(BPM; Beat Per Minute) Z23E 3}
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Fig. 2.9 Data collection program

F e
path
ECG Sctings Weeut Koo YanaW
JHIS S P
050818_A_DA_LBG_EQD2 txt
EEG1 Hort
C:WDocumenis and Setings¥
Heul Kyung YangWHIS! SHEW
B IWALE -
FEG? 050818.A_DA_LBG_E0R 1
EOG1 Epoch No. § 939
' SLEEP
e STAGE
L EEGT ]
SLEEP
STAGE
TREND
O e g g 0 30T abi Wl e e e bd a0 e g s ide

Fig. 2.10 Sleep stage analysis program
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el 2HAEHES 3 olE A HYE uro] AHqrsk siith
K—complex®t <+ 3 - 497 TS 98l w3 Aso Fo] 75, vE
o & WY E 75, o9, Y, 03, 63, spindle AES A7) W =3
AlzE dolo wep 7243, FH 1~49AE FEs e EMGS EOGY

R A7l9 o) REM 9 @S Fst=s +dstd +1 @GS

i
()

tﬂé—g}g:% olﬂg]%% PAPS ;3—}}3\;} 39),40),41)
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Read Data from File
(1 epoch :30 sec)

512+2 point FFT
[sub-epoch
i 2sec) @
NO
YES
Tepoch >= 50 %
N apha+beta >
50 %
Tepoch >= 20 %

epoch < 20 %
Hspindie > 15 %

Fig. 2.11 Sleep state analysis algorithm

Hdeita >= 50 %
Amp eec > 75U

Y

@ »( Stage 1

UK

«  A7elA Agd R gE 24 ZEIfe MIT-HIB
polysomnographic database(slpdb)| Ho]E'?2 Al 83le] A% 7AZS
ak3ith. Fig. 2.12+ MIT-HIB®| H|°o]H = REM ¥ ¢ o & Yl A

ol .
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PhysioBank | =
phymiclagi sigral archives
For hinmardical reseaarh

Gpiting Fiaced - Signal Aaxhivey © Chart-0-Madic - Abes FhraiaBaalk

Datahases y417 i Puaysumagroshi Datihuss ten e | S0t desbase |
Broank: | zpd! =

Gt signals 1o beck
Aznedalar: | :I_l:lrlerenre- =leep slage and apnes annetations (31 30 s=c inlerals] % Comvml assbidan o b
Ennml::'_l | ”-_!-J dreiaton kry

Clartwilhe 5 il D awediun ) luge
| Steow char H E-mail chart o ] _________

= Record sipdb/slp41 [¥]

Diowrioad 1 highge satation Fostiopl vergion of this chart

ECIT =", .J'I'lr--fxﬂ-ullﬁ— u“mﬂf"‘\-—-‘\. -r---'\.m.jrﬂ -ﬂ..j](—-’ Uxﬂz—"\.’-"\_‘ ECG
| |

504

o A g VT W TR s f"\u =

rsa
oy (e [ ) L s R S S PR Pt I It e P T ~~u-\,-—-w-_m,_% EEG {Cd-A1)
Resp (masal) — == E_“_'_"_ - P iRr;prnu,r;rl‘J
fesp fabdominal) ™ P e B e Y N T Resp fabdominal)

e e

EOG (righe) | 77

+ =5, -"-\._\_, | Ia
e _Hhﬂm_,,«.ﬂw—\n T -"'-,_.-\‘,M_\“m_u_! EQG [right)

quﬂ' e g *W—-WJ-_&W-WMW E_ﬂ.ft_','

[02:56:30] | [02:56:35]
(ECG), 50 mmHg (BF), 0.05 mV (EEG), 0.5 1 (Resp), 0,05 mV (EOG), 0.05 mV (EMG)

Fig. 2.12 REM sleep (MIT-HIB polysomnographic database)
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¥

Table 2.29F &t} 24 AE

il

T8 1-2 % 9 3-4, REM 51

e

A= 23 dad v&> 247 11.4%, 2.1%, 0.8%AH. =35

rﬂ
—
\)

A &L 81.3%, W 3 - 4TA] A& 78.1%= Wl &

3 A% e ey REM FHe X &S 551%%2 e

Table 2.2 Agreement rate of sleep state analysis algorithm and
MIT-HIB polysomnographic database

Stage Stage
Wake REM
g 3-4
Wake of M 11.4 '] 0.8
Stage
Result of 1146 B 8 0.8 6.3
T5ea
algorithm
Stage
application 0 . 1 i 8.1 17.8
3 el
REM 4.9 245l 18.9 55.1
Number of epoch 309 6 73 185
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221 AF 2=

A F A AL T0% ool ¥ B AZHERE)We o F7(AA,

A7, W S)olA FAETE, AT 90% oS AA g S, Y
2o 71el Z2A oA A= dEe A9 30% "] wtelt). Table 2.3

Table 2.3 Heat production in stable state*®

W, Heat Production
Organ
(% of body weight) (kcal/h) (% of total)

Brain 2.10 8 .50 16.00
Kidney 0.45 6.00 7.70
Heart 0.45 8.40 10.70
Lungs 0.90 3.40 4.40
Splanchnic 3.80 26.20 33.60
Sum : 7.70 Sum : 72.40
Skin 7.80 1.50 1.90
Muscle 41.50 12.20 15.70
Others 43.00 7.80 10.00
Sum : 92.30 Sum : 27.60
Total 100.00 78.00 100.00
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Fig. 2.13 Distribution of body temperature
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Fig. 2.140)= % Ago] wWa 77 229 A7 &0 H9

il

e

W AT
ORAL RECTAL
OF =C
104440 |
1 l Hard exercise
102.r39 ;
3 i Emotion or moderate exercise,

Hard work, emotion 38 | + A few normal adults

A few normal adults 1 14, . Many active chiidren
Many active children &
[ " Usual range
,37 >
Usual range 1 of normal
of normai | 881 4
l )
b —] E
(] ~3€ | | Early morning
Early morning ‘F | 964 Cold weather, etc.

Cold weather, stc.

Fig. 2.14 Range of body core temperature by activity state
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Table 2.4 Equations to estimate MST(quoted from Tanabe)*”

Author Equation of Mean Skin Temperature

Burton | t,=0.5Xt_,(chest)+0.14 Xt _, (arm)+0.36 X t, (thigh)

az 0.043 <t (head) +0.55 < top (face)+0.081 <2< top (abdomen)
+0.166 X<t (back) +0.082 < o (upper arm)

Kurata +0.061 thk(forearm) +0.053><tsk(hand)
+0.172 <t (upper thighs)+0.143 Xt (lower thighs)
+0.072 <t (foot)

t,.=0.07xt,, (face)+ @thk(chest) + @thk(abdomen)
Mitchell 0 4 4

& - TX t,, (back)+0.14 <t , (upper arm)+0.05 <t (hand)

Wyndham +0.19 <t (upper thighs)+0.13xt_, (lower thighs)
+0.07xt,, (foot)

t,=0.07xt_, (face)+0.1 %t (chest)+0.09 X 3xt_, (back)
Nadel +0.07 x2 x<t,, (@rm) + 011X t,, (hand)+0.16 X t_, (thigh)
+0.16 < t,, (foot)

Hardy az 0.07xt,, (forehead) +0.14 <t_, (forearm)+0.05 <t , (hand)
& +0.35<t,, (abdomen) +0.19<t,, (upper thighs)
Dubois +0.13 xt,, (lower thighs)+0.07 Xt (foot)

i AW LEE 54 Pt we5E o o 494 b g ¢
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(R)O.= Aostd the} ),

. (tsk _tcl)
(C+R)= — (2.7)
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il
PN
o
P‘L
_&
£
o
=5
i)
o
k1
o%

2427 2 FEeE(,) (t,)e A7Ashd

gev .
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(C+R)=

_ wx(psk,s_pa)
By, = R, ,+1/(f,><n,) (2.9)

o] 7] A,
pa . —Z[“CH :_.75)19] #%‘7101:}- [kPa]
Pors - FOIA 718 AR o2 FR- (¢, )l A
3=t o 2 1A [kPa]
R, ¢ Zo] o A dd A3t [m*kPa/ W]
h, 2kl el FdAdY A3 [ WmPkPal
w I 5 251
fo ©9E WA
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E. .= (2.17)

C..+TE. =[0.0014xMx(34—t,)+0.0173x Mx (5.87—P,)| x A, (2.18)

res res

1714,

oo D ABAF Lhg/s]

W, MEEE B0 AdsE
W, e B0 Arse
e WEEE B719 2% [C]
Lo EYEE $19 2E [T

Fanger(1970)= #H|& B =587 AH= F53817] sl ol

4 AN A,

=K, XM (2.19)
t,, =32.6+0.66 <¢t,+32x W, (2.20)
W, — W, = 0.0277+0.000065 < ¢, — 0.80 < W, (2.21)
o 71A,
K..o @ v)dd [0.00516kgm?/kJ or 0.30kg/hmet ]
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k1

3 3B

1~2 repeat

Eyes open and look straight
ahead

'

Close eyes

'

Look to the right and left,
look up and down

'

Blink eyes slowly

'

Grit teeth then relax

'

Inhale and exhale

baaand

!

Check on the subject's well
being

Fig. 3.2 Physiology signal pre-test
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Fig. 3.3 Experimental procedure
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Fig. 3.4 Sticking position of skin temperature measurement
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Table 3.19+ &

e 54 A=

Table 3.1 Measurement factor and position

o Measurement
Measurement Factor |[Measurement Position )
Equipment
Psychological |Head(C3-A2, C4-Al), LAXTHA
signal Eye, Chin LXE 1104
Forehead, Forearm,
Human ) Back of the hand,
body Skin
Abdomen, Upper NKYSI NYLogger
temperature . .
things, Lower things,
Foot
Indoor i
Upside human's head Thermocouple
temperature
(0.3m) (T-type)
Measurement
Indoor
) temperature - YOKOGAWA MV200
Environ
ment record
Humidity - Te
f i Thermo Recorder
mperature in in bedclothes
TR-72U
bedclothes
) ) Upside human's head )
Air velocity Climomaster
(0.3m)
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Body area = T1.46 X (weight X 0.425) X (height < 0.725) (3.1)
clo(male) = 0.000558 X clothes weight|g]+0.0680 (3.2)
clo(female) = 0.001030 X clothes wieght|g] —0.0253 (3.3)

Table 3.291+= 20t 94y Sh=ele]l Ht AA 2SS Yepda,
Table 3.391&= & Ado rtst g} Al 2718 YeERY A

Table 3.2 Korean mean body size(2004 Size Korea)*”

Sex Male Female
Heightlem ] KB 160.0
weight[kg] 69.8 54.1

Table 3.3 Conditions of subjects

Subjects Male Female
Number of subjects 2 2

Age P Sk 103 22.5£0.5

Height 175£5 1642

Weight 7 BoER3.5 49+4
Body mass 19+1 21.4%x1.5
Pulse 73x14 72.5£0.5
122.5/85 117.5/75.5

Blood pressure

(£4.5/5) (£7.5/3.5)

MEQ score 50£5 58%£3
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2h 3h 4h 5h 6h

Fig. 3.9 Analysis section of case A

Table 3.4 Analysis results of case A

Section 1 2
Airflow X O X O
Wake
22.8% 14.6% 54.6% 2.1%
percentage
SWS ) X ) )
. 45.5 min 60.8 min 4.5 min 9 min
Time
MST comfort
46% 84.4% 32.4% 50.6%
percentage
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Fig. 3.10 MST drift graph of case A
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Fig. 3.11 Temperature inside bedclothes of case A
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Fig. 3.12 Humidity inside bedclothes of case A
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3.4.2 Case B ¥4 Ay}
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Fig. 3.13 Analysis section of case B
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Table 3.5 Analysis results of case B

Section 1 2 3 4
Airflow X O X O X O X O
Wake
4.6% 3.8% | 11.6% | 11.6% | 18.5% | 14.6% | 22.6% | 17.0%
percentage

SWS 25.1 28.3 3.3 3.5 9.0 3.1 5.3 3

time min min min min min min min min
MST

comfort | 79.4% | 94.0% | 68.1% | 75.8% | 75.3% | 70.8% | 93.5% | 54.2%

percentage
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Fig. 3.14 MST drift graph of case B

_61_



Fig. 3.15 ~ Fig. 3.169] 283X += H7Wel n7|4S el 28X o)
o HJ Y &2 2 % BT UFE AE899S u @A fA5= A

@] 2~
S 5 Yok

1:45 2:15 2:45 3:15 3:454:15 4i45 5:15 5:45 6:15 6:45 7:15 7:45
[h]

Fig. 3.15 Temperature inside bedclothes of case B
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Fig. 3.16 Humidity inside bedclothes of case B
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Table 3.6 Analysis results of case C

Section 1 4
Airflow X O X O X O X O
Wake
1.5% 3.0% 5.4% 2.5% 4.8% 4.2% | 23.1% | 16.1%
percentage
SWS
) 29.9 29.9 8.9 12.9 6.9 13.1 12.6 13.8
time
MST
comfort 97.7 100 100 98.9 97.4 91.6 100 94 .4
percentage
Fig. 3.18& case ColA el MST ZAA]l mrgi=Zoltt A F1HolA 71HE
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Fig. 3.18 MST drift graph of case C
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