T Ak Kk 2 % R Vol.51 No. 4
JOURNAL OF HARBIN INSTITUTE OF TECHNOLOGY Apr. 2019

$51% 4 MR BE
201944 H

DOI:10. 11918/]j. issn. 0367-6234. 201712133

HABKSFRBELRERTEEDN

kO AR et B s
(L. BV Tl T TARSEER = (PEAL Tl K2%) , P22 710068 ; 2. 1 [E A AARL = 0F 58 o0 VT3 Jo8) 214082)

W OE: ARERABKEMRZENINESE M, X PMV-PPD ( predicted mean vote-predicted percentage of dissatisfied) # 47 i&
P N T RABKBEES IR PR EATIE G FEET URAE. LR ABAKBERES EHERT 000 m # 3K (F 5 3 H E3E
K ER, M T R T BRS8N RS P BB £ RITI 20 A L UARAE, IR IR 4 A B 838 & B4 203% , £ A Matlab
R R S B A P AR I8 B PMY 5 BUIE 5% B4 0 F 2 20 PPD, B 1$ &t th PMV-PPD & 8 BF % 7 3d 2 4t % 4
A& M By SR AE o 0 AT FFAE A R E AR AN TR E R T RTFERERC2N. AREREA RABAKEATH
S ME PMVEAEL -2, +2) Z MR SR AL 40 B A 67 1 AR N e, 1 5 oF B A AT SR G N R A o
84% £ 5 I B E AT MR E , K 79.69% 81 5 I B AR A, 16% (£ 5 I B # s KK o o R L 1, 0 5 F Ak 2 8 37 34
HEMEEZWEE A0S ZERARNRABAKSE, BRI RIS N BARFF 0.5 m/s 24 Kk, 4 FHH M B4R A 0.93 ~1.48
TR A LT A S B 3 A E AR AT IE

R : HAE AR R b AT E M BT PR AR B PMV 2 53035 AWE &

hE 45 E S U664. 86 XHERPRAERD: A NXERS: 0367 -6234(2019)04 —0033 -07

Thermal comfort analysis of deep-sea operating cabin of manned submersible

ZHANG Shuai', YU Suihuai', CHEN Dengkai', YE Cong”, FAN Hao'

(1. Shaanxi Engineering Laboratory for Industrial Design ( Northwestern Polytechnical University) ,
Xi’an 710068, China; 2. China Ship Scientific Research Center, Wuxi 214082, Jiangshu, China)

Abstract; To improve the thermal environment comfort of the manned submersible chamber, the thermal
environment characteristics of cabin thermal environment were analyzed by the thermal comfort model of predicted
mean vote-predicted percentage of dissatisfied (PMV-PPD). Based on the cabin environment data of 7000-meter
task, the dynamic environment characteristics of the typical task stage were analyzed, and the key data about
human and environment were obtained. By calculation of PMV-PPD by Matlab and further comparison of the index,
the thermal comfort dynamic characteristics and distribution characteristics were investigated. In addition,
optimization analysis of cabin thermal comfort was carried out regarding two controllable factors, wind speed and
clothing thermal resistance. Results show that the PMV value was constantly changing between [ =2, +2], and
the thermal comfort of the pre-mission was characterized by the heat. Among them, 84% of the mission stage cabin
thermal comfort was poor, of which 79.69% was cold and 16% was hot. Wind speed v and clothing thermal
resistance Icl were important influencing factors for the regulation of thermal comfort in airtight cabin. For the
manned submersible system lack of air conditioning, when the wind speed maintained 0. 5 m/s in the control
thermal environment stage and clothing thermal resistance increased by 0.93 ~ 1. 48 at the cooling environment
stage, clothing thermal resistance could effectively improve cabin thermal comfort.
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BN KA TR B P PR A (5
TAM. % HFEEA RS AR & BB M
SRARFFE A B AR S PR S A4 R
ARSI A A BB 7. AR b IR H
K SR AEE i, HAT i RS, AR

s HER: 2017 —12 -21

HEWH: HEE S AR (2016 YFC0300600 )

EEEY: ik I(1987—) B W+
RFET(1962—) , 5 #8214 S0

BE1EE . BB, chengdengkai@ nwpu. edu. cn

S 0E ST

BRI 28 23 /Iy, BETR 0 e S5 5K, BR 1
TR PR R GER T, e = N IRR S AR A 2 HL
Bl A ot AR 5 AT A AR T D AT
FEPE AR w55 AR b 8RR A S — A iR A i B ) S B )
RO B AP AT A0 P MR | T AR B 2 2 [
A2 WEFE IR ) BT . 5% e 43 0 ) 74 2
A TREIN 7 2 b i ASHRAE Standard 52 3. * #4if
AR R AR X BAPR BT R R 1 R U
1970 4FP} 223 Fanger 42 H T BT 2 RUE 15



L34 R E

NN AN

551 4%

B AN 2 LAY (the predicted mean vote- predicted
percentage of dissatisfied, PMV-PPD) , /£ iy #4434 55 %of
AT TR VAL TR Z R Jang %R
HI PMV-PPD 5%t A reh i 2 fiife PMV/PPD
RAES S BT 5 SR J1 457 SR T PMV-PPD A5 25
B A IR R A N IET 1 PR AT 00T s AN
AR PMV-PPD 54553 BT 1 10 91 45 42 JiR BT
A 5 SRR IS T B A AT E A A T R
TiEHA IV IR T T PMV $5 5 1Y
KL B AR ETE T S A s R ATHE T
P ARG % 20 28 PR BT AR 1 1 [ A

AR SO AR BN TS K AR R AET IS PR AR
(AT, AR BB AT 55 [ B AT 8 PR R ik LA R AR Ak
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1 A7 & T O 38 A7

PMV-PPD H Hij & 28 5 0 1F 2 [ 5 Fl [ Brobr i
H LA AET 18 0B 7 VAN k. A - [ BRaR itk
4141 180 standard 7730 | ZE[ERBE I 525 T
FL0i2: 2 ASHRAE Standard 55" | Rk yi5iEAL 2 5
45 CEN15251"" DL &% GB/T 18049 — 2017 { $4Ff %
B NZE T T8I iHE PMV FIl PPD 8% 5 Rl i
ST A U X T T AT 0 I S S AR ) 4
1.1 AR EEHE

MR BGE 17 (the human body heat balance ) [16]
J5 B NARIIET I8 P 78 1 Stk AR 1 BT 35 1
FEHR T A BRI 7 Pt 5 N ) & A
(TSR Z ] )P A G 3R N AR RO 7 A8

M-W=C+R+FE+S.
KM R ARBE AR W o AR BT 5 HL AR
15 C IIRFE S HNAEE R A R AR 5 4h
I FR S RS s E Oy B BRI 28 & WK 78S
SIS S S AR I & TR,
1.2 Tt R EEIEE (PMV)

PMV 545X AR IAET 38 MEEA T 2 A, 24N
A FRAS I AIREE T, AR SR i i, I
B PET I B RS BT AR YR GB/T 18049 —
2017 A BT N R TR sl b 1H 5 PMV A1 PPD
FEH 5 Jr s AT 3 v UGS AAET 18 A T A a2 5 e
Be) HLRE , PMV-PPD A5 803 5 6 T 48 b 313 08 17 44
IS BT B R AR VTAL , IRBEHARH 1, AR M =X
W o, PIERET IR XGEE v 25 S X . PMV
R B EEAEG —IREE F IRHAX TR 7 HAA
(-3~ +3) BEEATHE I 1.

®1 7HPMV g

Tab.1 Seven-point thermal sensation scale!'”’
PRSE % B B &t BORE ORBE
PMV -3 -2 -1 0 +1 +2 +3

PMV 5 UR ARG NPT 7 B AT 1151
GB/T 18049 — 2017 AT 1 N T30 i it
3 PMV il PPD 84015 Jmy B A& 38 1 W)} A&7 3 0F
AT E S5 ) BLE T PMV-PPD fy3155
PMV =[0.303 x exp( —0.036M) +0.028] x

(M-W)=3.05x10* x[5 733 -6.9(M-W) -P,] -

0.4 x[ (M=W) =58.15] =1.7x10 > x M x (5 867 -P,) -

0.001 4 x M x (34 -1,) -3.9 %10 xf,

[(1, +213) = (1, +213)* ] =f, xh, x (1, -1,), (1)
t,=35.7-0.028x (M-W) -1, x

{3.96 x10* xf, x [ (1, +273)* -

(1, +273)* ] +fy xh, x (1, —t,) ], (2)
h {2.38>< =t %, for 2.38% |1, -1, " >121x /oy ;

R1x. /o, , for 238x[t,-t, " <121x,/v,,

(3)

1.00 +1.290 xI,, for 1,<0.078 m’K/W;
fd:{l.05+0.645x1d for 1,>0.078 m’K/W,
(4)

P =¢. xP. =¢ x610.6 Xexp(m).
(5)

A PMV S 2 U 58 55 Mo A iR
PRV 01 F2 BEAT 5505 Bl 2k U 38 W ok S Ak 2
THAE A 1 A IR 5 £, S N B AR R T FR 5 4
PR NI R IR Z L e, WS KR ¢, 3k
BRI ;0 2 S s p, WK ZE 0T s h AR
IR B 0, A IR R TR s HR SRy 23 SR O R
1.3 Wit A#HEENBESE(PPD)

PPD $84RT X T O 2200 A B 2 1 i il
HHE X RE 7 BB B4 b, PPD A R
AT A B B TN R E R, Al T TR g5
T PMV 5 PPD sR¥OC &, AR PMV 5%, AT i T
AT X R Y PPD.

PPD =100 -95 x exp( —0.003 353 x PMV* -
0.217 9 x PMV?). (6)
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Tab.2 Task segmentation of 7 000 m deep-sea mission

BBt 155 s ] Hgemtal/min - SRS
A FiiDid 6:30 - 6: 50 20 01 -03
B W RiEMES 6:50 -7:20 30 04 -06
C T 7:20 -9:00 100 07 -16
D A 9:00 —10:30 90 17 =25
E YEIRVEAE  10:30 —14:30 240 26 -38
F EF 14:30 - 18: 00 210 39 -67
G g EIES 18:00 - 18:20 20 68 —72
H mHig 18:20 - 18:50 30 73 -75
2.2 RESERENTHE

VK 1) T B ATV R B 1) 1 0 & BRI
7 000 miRtE 7K R BE 29 1°C ~ 2°C. 17K iR BE 7Y A8
PRI B2 ) 2 AR DY ) T AR . /D 2 AT
SR R ANR AR, TS R AR
T WA, B M R e — A BRI KT

2 “gRS” 7000 miBESSRYEFEREE & BE
Tl

Fig.2 7 000 m mission data and temperature & humidity

change curve of the “Jiaolong” manned submersible
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Fig.3 Task process PMV curves

PEBCF B AL v 6:30 - 18: 50 Z [A] 75 4R JE
A E B , B 1A] B 10 min, BINREE ¢, = {1, ,1,,
lg, s tgs |1 JE RH = {RH,, RH,, RH,, -
RH,} .
2.3 XEAEHIEIRE

RS N PRUBCHE G046 < M AR 1, e R BH 7
TAEHR , 73 AR VAL 53 AT 55 1% 3 15 D0 S e 85K
IR
2.3.1 WiAAREE M

AR 8 /\E%M&E’Jﬁ%fﬁz‘jﬁ%ﬁﬁé

’

PR T IR TS SRS, IR A5 AR IR S T
LR ACIE R, M =70 W/m® =1.2 Met.
2.3.2 LG IR IABE 1,

JIR R FARE 1, W L 51 3 S bR 1 R G %
FLHE N il AR PR T AR Jéii%%ﬂ%ﬂ“ %
D% 3, XTI 03 e A IR R 1, =
1) =0.127 m* « K/W ,clo=1.07. i TR 4
R 7,>0.078 m® « K/W #4820 (4) T Ak
A SRR EE I E R RTTZ I £, =1. 164 5.

®3 (1) BRI EE

Tab.3 Thermal insulation for garments of oceanauts

sum( ]

FABH 1y

Ji:&:3 - oW
AP 0.03 0.005
Kl 0.15 0.023
PRt 4 0.25 0.039
e 5w (TAEM) 0.60 0.054
F 0.02 0.003
(IR 0.02 0.003

V1 clo=0.155 m?> « K/W
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2.4 XBIMEHIRIREN

FRAE e 5 FE AR £ BE T 7 000 m {3088
I3 BT AR P O

1)z SO BE . AR IR e AR A 75 2 IR A
Po ot = 1ttty sts | -

2) PRI TR . A SO S T
NI R AR AL, AT 49 ST il B8 5[] 7728 X
MBI e, =0, = {1, 0000, s |-

3) 2. BV A0 = R B 15/
RIS SAGEIA U B0 % N 2 AR Tk, Rk
fii4lt ASHRAE AR v<0. 15 m/s A#kIES R,
ASCH AR A S v =0. 15 m/s.

4) FHRREE . AR B FRAT 75 2R X 1 R R
& RH = { RH, ,RH, ,RH;, -, RH,s |, ] AR 45 il B2 Al
MR REEH B 2 (4) THEAR IR 25 4T 55 B Bok 2834y
JE, i T S EETA 75 20 IR 5 A Ko, n
B 2, PRI B 3545 75 4K 2830y IR BN L p, =
{Pal PP s sDas | -

5) M0 A T FE B . AR 4R GB/T 18049 —
2017 CIAERBE A N8 T8k i@ 1 1145 PMV il PPD
PR o3 AT 205 o D00 X AR 38 A T4 HT 0 2 5
B HLE T R 2RO S A T FE R ] Z 0
AT, B3 b (B R 0 AL 53 A P 36 sh AR SR A8 T
FERYIAE N 0, B W =0.

3 PMV-PPD it & R i & AFAE 247 27

3.1 ETF Matlab i PMV-PPD #7118 K #2251

AR SCHET Matlab - & 3547 20 K VRl 2o 72
HRCET IS M A i T 5, AR P PMV-PPD A5 B 2
(1) ~(5) B ILF 4 35K 75 41 PMV #
P AN PPD Hi 4 I AR i XeF Rz Fsf ) R0 % 8 5090 24 il A
fhiiZk. | 3 AT R o PMV G E M8 502 1k
Mgk, et P iR = PMV $8 507 -2.3 ~2.3 Z
[ 254k, & 4 Ay PPD $RANTH B 18 BUAEAT 55 3 R AR AR
TR ER , SRR RO SR , Bt i O T A
BEAREGAE] 90% L L.

&4 PMV-PPD it E R %5 ( Matlab)
Tab.4 PMV-PPD calculation code ( Matlab)

RE ARSI

AR

PMV/PPD {18

% Variable definition
M=T0;clo=1.07; t, =(t,); t, =(¢,); v=0.15; p, = (p,) ;W =0;
% Calculate f,; Value

f4 =1.05+0.107 * clo;
if (1, <0.5)

4 =1.0+0.215 % clo;
End

% Calculate ¢, Value
%0 % First guess for surface temperature
L, =t, +273;
t, =t +273;
bog =tg +(35.3-1,)/(3.5% (1, +0.1));
XN =¢,,/100;
XF =XN;
9% % Compute Surface Temperature of Clothing by

Successive Substitution Iterations

fcln' :[vl #0.155 *fcl 5

end

% % HC Calculation
HCF =12.1 % (v)."0.5;

HCN =2.38 # abs (100 * XF -z, ).0.25;
if(HCF > HCN)

% Convective Heat Transfer Coefficient

XN = (p, +p,. * HC = p,. # XF."4)/
(100 +p,. * HC);

nlterations = nlterations +1;

% Compute the Predicted Mean Vote
(PMV)—i17& PMV
PM; =3.9% %/, * (XN.4 - (t,,/100).%);
PM, =f,; # HC # (14 —t,) 3
PM; =0.303 s exp( —0.036 = M) +0.028;
PM, =0.0;
if(RMW >58.15)
PM4 =0.42 = (RMW -58.15) ;
end
BMV =RMW -3.05 % 0.001 * (5 733 -
6.99 %« RMW -p, ) ;
CMV = -PM, - 1.7 %0.000 Ol * M =
(5867 -p,) —=0.001 4 M= (34-1,) -
PM, - PM, ;
PMV, =PM, * (BMV +CMV) ;

HC = HCF;

else

HC = HCN;

end

if ((nlterations >1) &
(abs(XN = XF) < Tolerance) )

break ;
% Calculate the Predicted Percentage

Dissatisfied (PPD)

Pr =fele ¥las if (nlterations < 150) PPD =100 - 95 * exp ( - 0. 033 53 =
by =f s 3.9, TCL =100 % XN -273; PMV1. % ~0.217 9  PMV1.2) ;
Py =fue 1005 % Surface Temperature of Clothing else
Jele 5 PMV, =999,
ps =308.7 —0.028  RMW +p, * (1,,/100).%4; orD 100‘
nlterations =0 d T
en
XF =XN; isp(PMV, )
disp ;
while( (nlterations <150) ) :
disp(PPD) ;

XF = (XF +XN)/2;

3.2 PMV-PPD &R 44
Xt 3 4 AR 55 AR TP 45 B B PMV T PPD AR
Al 2R PEA T IET 1 LR F A AT

1)St. A-B, & AW KEIT IR T 2 a, 5
g LIt SESESE Bl PMV SFiE X E] [ -0.5,0.5]
PRETHRENIX E] [2,3 ], PDD ANl 545 80 il &
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Fig.4 Task process PPD curves

2)St. C-D, # AWK IF G T, AEF & M
B E A WY, [ -4 000, -5 000 ] X [a]ff %
PMV {H7E[ -0.5,0.5 | e &Fak X ] P, Bl & R T
Rl B AR 252 T F, 313K -7 000 m B %8 AT 38 1
PMV {EH AR T — 1 FFRpL N RE, WL 51 AT 38 P
FRUREE hy 1, PPD AN A2 38 B0 i R il 3 X 1]
[80% ,90% ] F R X[ [0,10% ].

3)St. E, Mz NBKEREIE -7 000 m J5 , TR
ANFARAE, BT PMV $5 50454 T R, L% St. E 1
JEAEAL B BESE T, EFAE P PMV $5 40438 - 2, PPD
ANl B R AR W T R RN X H] [ 60%
70% 1.

4) S5 BB St F AR 55 45 0, B N T K 2%
TG V7 IR B RS AAET il MRS TR, EE BT
T FAEF G PERE BN R IX ] [ -3, -2, PPD Al
FREC LT BN R X ] [80% ,90% ].

SYES BB St G-St H, 77 i 1 5 PET 18 P
B bR EEFE X[ -0.5,0.5],PPD N
T B AR BRI Rl VE W R XA [0,10% .

3.3 ESEEAFEESH
3.3.1 PMV 445

FR4E GB/T 18049 — 2017 { #hIR85 9 AL T 3%
% I PMV R PPD 58505 J5 3 AT 138 o 0 %o
PETIE PEAT 0 M SRy e PR BE 6T 18
PERAT 2 R % G AR 3 R EEY ) iR B T A
DXTH], D3R 5 v 25 A FR1Y 79. 69% 3 vh
A g A B 10, 67% , R R S R
16. 00% . [A RN W 7K A8 14T 55 0 72 2 22 1 B
TR A R
3.3.2 PPD 45

H4E GB/T 18049 — 2017 { #IAHE Y A2 T AL
2 WE R PMV I PPD #5505 J5) 3 B0 AT 53 v 0 %o
PEFIE BEAT 0TI SRy BT o 4 A
G A-D, Hrf A B C 435k Al A2 8718 B IX ], D
AR & 35 B X)L 3R 6 W] AT g5 ok B v o
84% WIT: 55 B Be b THp Ak IX Ja).

x5 EHEEPMV SHEXIE
Tab.5 Task process PMV distribution interval

PIRBERTIS PSR e 7. 67% & 10.67% [k 16.00%
PMV [X ] [-3.0, -2.5] [-2.5, -1.5] [-1.5, =0.5] [-0.5,0.5] [0.5-1.5] [1.5-2.5] [2.5,3.0]
1155 Ll 26.67% 30.67% 16.00% 10.67% 6.67% 9.33% 0
*6 (EHTEPPD HHRXIE
Tab.6 Task process PPD distribution interval
ey LB PR 5l
PPD/% PMV Jit ) B B LB/ %
A PPD <6 -0.2<PMV< +0.2 St. A St. D . St. H 6.67
B 6 <PPD <10 -0.5<PMV< -0.2;0.2<PMV < +0.5 St. A St. D St. H 4.00
C 10 <PPD <15 -0.7<PMV< -0.5;0.5<PMV < +0.7 St. A St. D .St. H 5.33
D 15 < PPD -3.0<PMV< -0.7;0.7<PMV < +3.0 St. B, St. C.St. E St. F . St. G 84.00
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(b) RGBT PPDIS S

ES5 {RALEEUE ST TR RUE R I Lk
Fig.5 Comparison of the influence of wind speed in the process
of thermal type task

IGHEX N TS 7K A e 2 i PR S5 0 PR 34 15
M, Mg PMV (HAE[1.5,3. 0] Z [H] B, XUk
ARAEXT PMV 35 B A A 52, 9] 4R PMV {H 1E
[0.5,1.5 ] 2Z [) K0T $AEF 3 PR A e /E ], PMV

BN, G S e B, LR %) 52 il 235 22 356 D
KGR 0,50 m/s Z2 A I REAE 5 52 i ROR T B
. AR 5] 7, PPD AN 248 B4 4 W] A1 7E 61 50 -
7:20,8:20 —9:20 MAJA], M St B St C 52 B .St D i
B s X PAET 18 PR — 5.

4.2 RARBEZIRERETAPBEMLLS T

HRYEAR AL 51 7 2R BRI R ARAT WAL 51 ke
HBH 1, =1.07, LTS OR824 9 A 4 A4 X6 O 14 24 78
1155 L R EA T ke BRBELAR Ak , 20 B 2 T R 2 B BEL XS
REPIE PERYSZ . ISR UENREEIRBE 1, = 1. 07 SH¥) 1k

(B, KU BEIE i 1R KU 0 = 0. 15 m/s, iR 45 GB/T

18049 — 2017( HFRBEHY A TALY: illidi157 PMY
1 PPD f50 15 Jo M 7405 o XA A 34 5047
W AR LA 1 S TR L A BB A A
FATIF5T, AR 6 AUECHE, % elo = [1.07,1.20,
1.40,2.00,2.20,2.55].

FEL 6 01, (i A ok A MR A B A
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W13 TF% 2,00 ~2.55 XAl GEMS , ¥ PMV {EifaE
FEEFAE X [A], B 0.7 <PMV <0. 7 , #EF3E P S 9 48
FHE A - B 4, B PPD < 15, 3R e R AR 5. AR 45
YIhE 18 1,07, FEE4ETH0.93,1.48].
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