Vol.35 No.l6
Aug. 2019

i35k FHileW
214 2019 4£ 8 H

&l TRk

Transactions of the Chinese Society of Agricultural Engineering

- RV IS S SR T RS -

HotR=IEERH 2 MERERERL it ERE

%’J\é&?’ﬁ 1’2> }% ‘]))f( 1’2, ']/)é:} ):L 1’2, ﬁjj—j i@ 1’2, Chlll'lgl,li Lu3, ;’?‘IS\X,%\\ 1,2x
(1. AbstRol B BERE S BB T L, dbat 1000975 2. Folk#fE B ARE Sszk =, dbal 100097;
3. W TOURHCHRF R 30 R SR AR, % T NG250QF)

W OE: FURIEHERNLRRRE 2 M TR A T, (BAEAERRR I ST 2 L BRI TR = K RO I = 2 PR B SR AN
JBo NTEIRS RIB KWLFEIR I BIRYE, s BB ERREE S, ZH il 7 HREE EREmAXEERS, HA
WAL AR SN B RN oG s, eSS BT EH E=5h EAL X B 0 H R E XN RE R
TR R SR KA R AT IS, RIES R MR ERSR AR, IERRE R X RG-SR P R HOGR
ARG X N SR EHITE 30.7~33.4 °C, LGSR AR L A BH M B0 IR IX AR 5.4~11.1 °C, Wh=ESME 24~54 C,
FAf T SR B 5 1) R G0 T = AR TR P U /N o 1% 2R 48 T AR AR I , B G I SR 6 (X 2 AP AR XHE FE N 49.8% ~
62.3%, LLXTHR X Je =AM 5w 13.6%~21.2%F1 13.6%~24.6%. =N RXIE 0.35~1 m/s, SRS HiZE RN R &M
N, IR AT A X BER R AP B BER SR 9 91%, LB S (10 5UR IR 15 LS 10 /N B 2 s BAE s SERRSFIYFE /K &4 0.035~
0.079 g/(m?s), HFEKEGEIZESKFESWHMEZE (VPD, vapor pressure deficit) 2I1EMISE (P<0.01, =0.64). [FIN},

WAL 7 H BB E A G T AR R IR A KB IR 1 A HE B 7 v, LR A A A PR B A B G SRR, iR
TSR H OGRS R RN T . THEAS B H IR MR A U 299.1 W/m?®, 82225 1 1E FR R 75 14 IR 2
Gii KGR R 0.067 mvs. %57y HOGIR % IR R @ KPR IR A LR AR THARSE, HAGREZ4

HA A BRI T EARSA .

XEIR: BT, mE; BA;, ARET;, EEABR; EFRM; KR, AR

doi: 10.11975/j.issn.1002-6819.2019.16.024
FESES: S625.5 XERERE: A

TEHS: 1002-6819(2019)-16-0214-11

INAEFR, B K, % L, # #8, Chunguilu, 3R, AXBEEEEFAXMEREERLHRTEER[J]. Kl

TiEF4R, 2019, 35(16): 214—224. doi: 10.11975/.issn.1002-6819.2019.16.024

http://www.tcsae.org

Sun Weituo, Zhou Bo, Xu Fan, Shang Chao, Chungui Lu, Guo Wenzhong. Performance of positive pressure fan-pad cooling
system and cooling load model for Chinese solar greenhouse[J]. Transactions of the Chinese Society of Agricultural Engineering
(Transactions of the CSAE), 2019, 35(16): 214—224. (in Chinese with English abstract) ~ doi: 10.11975/j.issn.1002-6819.2019.16.024

http://www.tcsae.org

0 51 &

TR ML R 2 R S Hd A, S S A
FA N Bz MR T G, B A R R R E R A
B 8 7 KUHLAE 8 30T b [X RS i s (X ) B R
TFHBRIE R, FR BB X AT S MR = NS PR IR E
T EAMIE 2 CAEAP, SRR % fUR IR XL
PRI Z AR, RKMWSRmEESR T N EEANS
B AAII ST, DR o 2 AHL SR T =,
KIEZIE 10 CHEA™, Hisd R 55 500 5 1
B R TR P R BT A B A A A o B 1 O F R S
(11:00-12:00) ), & vamad JX B R FH A/ 30 BH w32 v L
DA AR, [, %5 ERGES KR, KL SR

WeRs H3E: 2019-03-08 2T HHE: 2019-07-20

HETH: bt R MR 5 E PR A E S (GIHZ201804); ki ik
P RES R S A B S S0 2017 SEEFBORAE (2017KT01); T E[E
WEEXE TR IRIBE (2018BBF02024; 2018BBF02011)

PR WIS INEESG, A, BHERRFTCOL, 33 NS 2 5E LA 5 T
FIHEFT. Email: sunwt@nercita.org.cn

KIMEEE: W8, B0, TEENF RIS .

Email: guowz@nercita.org.cn

A RCBEIREAE 40 m A4, BEAEEL 50 m™, R
BT PRI KT HR R P R A, DAB 1L
bz SR AT LM 5 A B B 0 N L =5 2 M B IR RIUR
EHYBIRE A, TR AT AR 5 2 Sl 22 285 A< v s ) 1L
B, AR A H O E K E —AE 60~80 m, A
B& 100 m, Kb Bk s 7E HOGiR = I

5 7 T T 71 A XA 3R A T I8 D S IE R 7 A KB
B, HTAERBEZ: XALEE SRR 2S48
ENERE, ERA A ERERER, WmiEE A
TR B VA KRR RL I H A, e T o o o e e
IE R AT A KBRIR M s P8 g R . 1) AEls E ARG
1% K BIOE T R S8 5006 K 20 %o I 5 2 P 1 B SR ARG
3) FEREHRM: 4 mEEA, B SINE. CO, fhitE
J SLEH B IR R R G S A LEK, LB
RETE; 5) BEMXHEE N BT E P IE. W
bR, HEWATFIERRS, W &40 bk .
WAKASERNEN, BTFaapiEiR.

H F ] P ¢ T 1 R 7 A XU IR I i 9 22 DL T it
FEHEATURE M, A B e 2 AU B B T IE R IR A
VA IR T S MR I R A TRE L), (B H IR BB



16

PSR OGRS IE I 15 74 AR P 8 S v S T S A 7Y 215

P53 B AR SR BV BIE 7C i R WLARGE « D 5 AR A7 38 7 X
PURE IR A R BRE 32w HOGIR % RO i R I RE T
B FBCT T HOGIR S IE R A A KSR R 48, JREdL
FHL X TSR FDG IR =X R AT IR, s
PO R G F R IR ACR K PERE, RN H OGRS
A T AR, PRTCRRIR e A B RTE, DU
H OB I 2 1 38 73 74 X B i 77 925 10 TR TRt He R 2
%, BhEvcti b 27 se B R AL AR TSR A

1 #R57E

1.1 Rt
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2018 4 7 H 15 H-2018 £ 8 H 31 H, b
AR BE (39°56'N, 116°16'E) B N (1) H )t ik 2
HEAT TR = IF R A R R R .

R HBE= (B 1. B2 RiER, K33 m,
P5JE 8 m, & F YL 0.5 m, JbHi & 3.18 m, & 4.14 m,
EK 1.63m, RHAMWEREN, Jbh LA
370 mm i LAE A 100 mm RIEMR, HWAMRMIMK 10~
12 mm FiZRb3, JEH 20 mm /KVERPHEA 100 mm J5 )2
SRR, PRI 4 mm 77K, RIEE N 8 mm BZ
Has PC . SN EREEALES T IE T 1.1 m, B S5 X
B BT RS R X IRE T SRR R N 5 AN X
B, XY X 4350 D AR R 1 H ' I = R R R
X, RIX SR X AR N 41.4 m?, ZRP51E] S 6 m. ik
IGHAIR], HOGR = RFAEIEY

JEERH 14
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Fig.1 Picture of positive pressure fan-pad cooling system

1.1.2 REZRBIEBAITHAH
HtE=ERBX KA 1 6 EEEHRA RIS
KD-18) i 47 18 R B I , 15 A 1k FH 72 3l AL, 380 V
M, ZEDhEE 1.1 kW, FiE & 1.8 77 m® /h GGt
FEFRSZ 2 750 m® /h), KUE 180 Pas fEIA/KZE 220 V HL
&, BE R 45 W, SEHfE 2.5 m, JKHE 2.5 m® /h;
WA FEAKE 10~15 L/h; ®AIERST 1 100 mmx
1 100 mm=940 mm, HX AR~ 670 mm*x670 mm. ¥ 73
ARML 2R FREmEMm (-1, B2, EXREMNTR
TH] R HB 3 N IR = R s oy S, B WE 4 MR
(®300), H A iRl 45°, ARG~ T, Hb
=R X & W B IR KL L T & A
4 mx0.8 m; HATKITAE 30°) HEATREE; XTRXAT
FETFF 2 Je M 7 BEAT AR I8 X PRI s 58 X 5 0 HE X
JHEBH R TE, I BH 5 R 3 B S R A 2 K P 4R G

B FFMENRN 029 (R 1.
F1 EEMEIFEET BAEEKBES BRETER

Table 1 Total solar radiation transmissivity of the Chinese solar
greenhouse with opened external shading net
HtlR= FEAMKF HotiR=
SN K PR K PR
H Horizontal solar Horizontal solar &t %
Date radiation inside radiation outside Total solar
Chinese solar greenhouse Chinese solar greenhouse radiation
/MIm>d™) J(MI-m™2d™) transmissivity/%
2018-8-16 5.99 21.20 28
2018-8-17 4.76 17.21 28
2018-8-18 2.19 7.99 27
2018-8-19 2.26 791 29
2018-8-20 5.94 20.81 29
2018-8-21 6.14 21.39 29
2018-8-22 1.58 5.51 29
2018-8-23 5.97 21.01 28
2018-8-24 5.66 19.58 29
2018-8-25 5.50 17.55 31
2018-8-26 4.59 15.23 30
2018-8-27 2.07 6.69 31
2018-8-28 3.13 10.09 31
2018-8-29 5.52 17.54 31
2018-8-30 1.83 5.83 31
FHME 29
Average

T B 2018 4 8 A 16 H-8 A 30 H ¥l I T+ 5K FI4& it adid 2.
Note: Data for calculation of total solar radiation transmissivity are selected from
Aug. 16 to Aug. 30, 2018.

1L.1.3 mEAHEHXNE

A = ARG I H 6T S X A HR X R
- RHO PR R K PR S S PR S A, A R 36
E Campbell A4 77/ CR1000; RIEEIEKREEAIS A
VAISALA HMP155, i &5 5-80~60 C, HHXiE
FE G A 0~100%, 5 2 A+(0.055+0.0057 <3 E) C
GG 20~60 "C) Fl+(1.0+0.008 < i %0)% (il
HIEE-20~40 C); FRHHE AR 15 3£ E LICOR A ]
AR LI200X % 5 O AR B AR, M EYE DN 400 ~
1 100 nm, & N+3%, AL EBAL T 000 X 38 LA oy,
PRI 1.5 mo AMK R 1 &, HEWERE AL KE
HMEFEHNAL, BT ESHBREMHEE. BT
95 H ' 2 8 0 B 7K YR Ak B i S AR B M,
{13 R AR R, I SGESEE Onset A R A7)
HOBO U14-001 AV E L% A& H R =4 2[R
VRRE, WRE . AR A B W Y 43 ) e —20~50 °C
A 0~100%, K&5E5358+0.2 'C (0~50 C) F+2.5%
(10%~90%), =AMEIEE (A F KR A XA R
WD) DA EAE ek, L AR A RS & T =AM
Sy IRME{E . 6H ESPEC THCO2 {45 NI 55 K AL
A B 7 A RPL RGBT AR g T 5
RSH-3020, & JEHE AH-25~70 ‘CH 0~99%, FKiEHN
+0.3 C (10~40 'C) F+2.5% (30%~80%). ik FH4il- 5
i T 2R SRR il FE A TR DN B Y 715 A KU LG A /KR
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FEENE 0.2 °C, Testo T176 HEATHFEIC 3 . K H Kanomax
Climomaster 6501 £ %1 # g 20 KUE AL (R LA 5.
Climomaster 6533, WI&EJEH 0.01~5 m/s, A5 H+2%)

3.64m

& HYGRE XSG, WESEEN1.5m, WMEHEAN
2 RN ESRFYME, WA B v 2. FTE iR B3]
AR ) 2PN 10 min.
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Note: A, A, Az, B, By, By, C, C,, C, are indoor wind velocity measurement points; D, Hare indoor air temperature, relative humidity and horizontal solar radiation measurement
points; E is outlet air temperature and relative humidity measurement points of the positive pressure fan-pad cooling system; F is temperature and relative humidity measurement

points of positive pressure fan-pad cooling system inlet air (outdoor air); G is circling water temperature measurement point of the positive pressure fan-pad cooling system.
B2 BABRFEERRFTANERZATERSNEAE
Fig.2 Schematic diagram of positive pressure fan-pad cooling system and measurement points of Chinese solar greenhouse
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PNAEFRSE 'R 8 1E HS I 73 V4 XU P i 2 v

TR BT B Ay, = 2.8+ 3.0v, 1 (v=1 mys) iF

S, BUE 5.8 W/ (m>C); towin NALEE A REEE, C; ty
NENZRBOHRE, e EMAERKE G RBOEN
32 CM, SRR A= AR RR .

RRIEABRL, AT AT ALIN g A 458 P 8 T W AT FR) A B 4 A
REA IR HE AL 9 5 = A AR DL K S5 b A R T
LT Bk, dbhE A ST B AR R

A‘nw]nwanw :Anw |:hnw,in (tnw,in _tg)+kr'1w (tnw,in —1I ):| (3

A Ly NALHE N R RBASEST RS, W/m?s any N
AL sl P R TGS K BH AR R I b, BUE 0.751) Ky b
BART S =AM BERRE, W(m™T): ¢,
NEIAEROHERE, MR 6~9 HiELE 1 h TR
SIASEEE N R EE (38 C, B 3) AEIAEEIE
2, B2 8 H DGR % B = VR B, B 40 C.

Ky TR 2ORAS

1

kI = (4)
C 5nwi 1
z Ay
i=1 ﬁ’nw,i hnw,out
KA Aoy NALEE S EM R SIEREL Wim-C); by, AL
BB MR RS, m: Aygon AACEESNEI S =AM
SRR REL B3y o =2.8+3.0v, (=3 m/s) 419
L, BUE 11.8 W/(m*C).
ma (2) ~ @) Kk (13) ~ (16) ARG ILEE
WERTHIRE towins BETTSRAFACHE PR TH 5 = N 2= SR
WHFAE Opyo
ity R, = A i = N s SRR R
O i R AR

O =he (1 —1,) (5

Ao =A, [hf (1 1)+ ;s

cs

(t; —1s) (6)

A e AEAMIE S EA SRR AR, B
hy :3.4(tf -1, )0'33 (=50 COHUIHEL, Bl 8.8 W/(m™C);

tNE NI, Cs I = b T F2 5 K PR AR 5 RE
W/m?; o A 5 P 1T X A 3E A S O A B 5 B A 0,920,
I NEN TS IEAEK, BUE 0.83 W/(m-C)"™; 5, Nt
AR IR 2R, BUE 3 m!"™") ¢« oNTEIRE LR, B
20 C.,

T8 gk At [ 47 25 A R AR R O, W 1R R A i e B
T 00 1 98 A7 3 S B T A% 1) — DA P e f) A it
f27 U8 HRIk S F:

0 = i(Atcktc + Ak + “”swksw)(ta h tg) 7

R Aien Au B A PP RINTIOE B IR L )
R, %5 b ke S 5200958 5N I BT
BB R M L B AT R R e T S AR B R AL
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1
k, = (8)
1 c 5tc i 1
+ ~—+
htc,in i=1 }“tc,i htc,out
k. = ; 9
1 - nr,i 1
+ L+
hnr,in ; ﬂ’nr,i hnr,out
k,, = ! (10)
1 - §sw i 1
+ —+
hsw,in i=1 ﬁ’sw,i hsw,out

A Aiein Aurg B Ay 7P RINTTHCE W 5 530S L5S %
EMEH S HEAEL WM™ C); Siein Onrs M O 20 BN
WoBN A SRS EM R ERE, ms b AT
BB s RIS EA SRR AR, B
Piein =7.2+3.84y, U410 Cy=1 m/s ) I 50, HU{H

11.0 W™ C)s i ouc AT I 25 40 R T 5 5 40585
IR A REE R B o = 7.2+ 3.84v, (13 mfs)!141620)

WL, HUE 18.7 WA C); Ayin 5 hgin 2B ASEH L
By R 5 5SS TR, A Ay B
58 WAM™C)s horou 5 awou 77 M JEHE KL K 4122 1 5
FANERIIFTR I REL 7 g ou U 11.8 W/(m>C).

TEHEREE T, 5 AR IBIE i # RBU,
R B I FE G 75 44 AR UL 4 1 B 4 RUBIB S0 O, 5L
WS ABREH KM FA RSB E %, HEk
v/ (1

QV = gv,leakpaircpa (ta - tg) QD)
rH
=T (12)
gv,leak 3 600

K guiea NG ERABE LI TE, m/s; pu BT
REE, B 1.3 kg G NAARE R EL I, L
1006 J/(kg-CH'> Pl SRy RSB SR, B
0.4/h'2122 o HOGIR = AP R, DR = i 3
", m.

5 A M T R AL 5 P 2 TR A K B 4 A A p R 2t
ﬁ[7,13]:

L=l o Tior (13>
L
1.,=021, “t e 0.81; cot& (14)
nwﬂcp,f
. :le+Lj2_Lf_Lnr (15
cp,nw 2Ltc
Ltc + Lf - LJZ

tc

T Trou NE SN FRBHFESS, QRN S
USRS, BUE 2 6~9 HiES: 1 h T K FH AR S =1
o AN R PR S R, BUE 860 W/m® (& 3);
Tiot JIUR ZE R PHAR T BB I 25 nepnws epr 7050 N AT I 3%
B 78 se AL BE R I L E A AL REG L Lows
Lo B L Ay RPN H IR B S AL R B R R al
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WA, my Ly Lip 7359004 R — il S BT P9 A3 A
HILEWOREL. B 5 ILEIRA MEL, m: 0 9K
PR, B 682,

MR R e A s, B IR B R R,
& AR B AR R A SR B DO SRR AR A
GRS, HObREA AT EEASHI BT
% 20 IHHARNRE FOLREA AT 299.1 Wim',
Om~ Or Oy S O X H IR %A F 1 B TR 26 7330
11.0%+ 73.3%- 1.3%/% 14.4%.

*2 BRBELLFIHTEERSH
Table 2 Basic parameters for cooling load calculation
of Chinese solar greenhouse

i H

Items ¥ Parameters HUE Value
WP &% Hm 3.26
=BT Lym 8

e PIHBIET I Ay/m? 264

EE BB A 5 AL T %2R Li/m 8.60
ER HILEEE A RIEL Lp/m 430
2 KBRS BB I % 1, 0.29
RBIEE RS IR /(0 0.4
bR Luw/m 3.18
JEBS R TR Apy/m’ 104.94
ISR Ag/m? 2x26.10

s Jb k% Py T 5 % P AR R Ao/ (W-m™CT) 5.8

[“'E'i% JLsANR T 5 S A SRR BRI Mo/ (W-m>C) 118
B[R AN Ep e pN LT I - 0.75
FHAE (370 mm) FHAK Ap/(Wm™ T 0.8
FHMR (100 mm) FHEREL Ay /(W-m™-CT) 0.045
AKIEIHE (10 mm) SFHEH Ay /(Wm™C) 0.9
% PIHUTT 5 2 PA O T R B b (W-m ™ C T 8.8

o HOIEDR PR SR UL o 0.92

il?; 1 S RH Y (W CY) 0.83
TIERERE o/m 3
TIRIEIRERE ./ C 20
K Li/m 8.65

did R A/m’ 285.45

B AT % A SR B e/ (Wm T 110
% éE L. = =g P f > E 3z -2 o -
B i S 5 A AR B he o/ (WmC) 187

SZHZE PCHR (8 mm) FHEAB A /(W-m™-CT) 0.128
K Lo/m 1.63
R Ap/m’ 53.79
o KPR (20 mm) AL L, /(WmCT) 0.90
SRALTR (100 mm) S EREL 2, /(Wm'-CT) 0.045
JEH R THI5 2 P 2 ORR B R i/ (W > 5.8
JEAN T B AN A TR BRI horou/(W-m > CT) 118
it BEE poid (kgm™) 1.3
S E R LA C/(Ikg T 1006
EWERIRE 1/ C 32
T AR 40
oy EAMOTA G Tiow/(Wm?) 860
KBRS 0/(°) 68
1.2.2 RFHAERGERXELE F ik

D ¥ X i B (R 1 Y S B R T XU R e 4

W] K RESENEILE R A AR 53
KRS, IERRA A KRB A S EANRE, 5%
Wil R A, PR, DR R E N .
P FE b, AT AONIE N BBV S RIS B 3 N 2
Fr AR, BATRRKRAEBRE B, B
5 18 R AR AT 5 R SR, TE IR T e LT IR
HEHIHA R (Qp, W/m) ATH R
pr :gv,fppaircpa (tpad - ZLg) an
R 100 MR FHE IR IR 2R, Cs gup
NIRRT MR RGN EEE X, m/s.
PRI, o FHRTARY 4 I FDGIR S, HRAIEE
WA VA KRR FT 5 ZE E K (ff m¥s) e

ffp:gv,prf (18)
1
8= 0, (19
Pair Cpa (tg - tpad )
tpad =ty — 77fp (ta - ta,wb) 20

3 g, R IE IR TE A RLIIHIA R, B 0.95 fyu NE

AhAESUREERIERE, C; RHAMISHEER 100 £, Flinzs

SRIFHAHEE N 40%, ) RH'EX 40.
TR AT el R

lywb —1,a1C tan[O. 152(RH'+8.3 14)%}
+arcran(ta+RH')—arctan(RH'_1.676) (21

+ 0.004(RH')% arctan(0.023RH’) - 4.686
WRIEH R EA M AR, HY=4RE N
40 ‘CIF, HUMXHEE 35%, 1HES2H R =N 251
IE R VA KB IR R G i K LB XN 0.067 m/s, 5
X SR A B B 29 9 976 m¥/h. BRI, FIDOGIR %R
6 (X 22 25 ) 1 H2 75 74 LA SE I 1.8 73 m’/h, A48
A, BERS T AV AT R R

123 HSm et
TE MR 54 UM R G RO IR BT g R 30,
t, —t
a pad
= (22)
ot ly _ta,wb
TE BRI A4 R U RE AR T 1 R 4
V:gv,fp (zpad _Za) (23)

A VO IE IR A A KU R G KE, g/(m™s)s Ypaa

5 ya 73 WS IR 5 HR A R AN LR

Ji, BIKASRREIRE, g/m’.
ARSI ECPE gLl = B e AR

M
Y= Rr
e =RHe" 25)
1027857 424 <)
. 2655+1 6

102757 4 1L (=)
237341
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A M, KRS BE R T &, B 18.015 34 g/mol, R A NIz, ERRERE RS SIS BKES WAL R
— AR E L msnM@MK)TﬁF*mmE,& WK 2SR, THE R
¢ RIS, Cs e JKIANIES, Pas e*JgtiAl vpp_ € ¢ -
ﬂwr,quHﬁ*Pﬁﬁmfo 1000
R AP K ZESMMEZE (VPD, kPa) N
1000 = MK FH 4 S Outdoor solar radiation —— KA ELIE % Ambient air temperature 25
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Fig.3 Outdoor solar radiation and ambient air temperature in Beijing area (from Jun. 11 to Sep. 11, 2018)
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wENSRERIE 35 CRUAN, ZENTHSEN 307~
BA@,%ﬁﬁQ%LRMAﬁWHmﬂmEﬁ54N
11.1 °C, WEASEAML 24~54°C, BFRVERYL, &
% PRAF B 7 Bl = 22 A A o

H ' L =568 BE D@ I 3 0T 6 A 2 14647 E AR08
KPS, R =N SEE T EAER, PR ZERKE
F] 6.8 °C, EWNHERIRIET] 38.8~46.5 C, Toikifi/d 1
Mg E KRB TR, £2018 48 A 23 H, HOGE=E
R X AT SRR A PG K IR, M 2SI 1E e AU X
HATHE, RESHREAHTRXAHES 6.5 CH

=3

A% 38.0 C, PRIRAESIHIR.

RIEAE R AR ZE, H 6 = A0GE I 8 FH N+ 5 2800
B R 7 =0 DLk 3 BAR R B R AR, DAIE R
T ¥ AR o AR 1 28 R Baeila g O T OB H B iR =
BRI SR A AN
2.1.2 i /_u'_X)IC%

AR EAN TS T EEIRE, RiE. BFE
R EEHIN RIS, Kb FERMME RO R
HEERAFERIEF, ®ERE (VPD>1kPa") HihE
B A . AR A, R H GRS X S
FIXTHEE N 28.6%~47.8% (£ 4) , WEH=ENTHH
N 37.1~42.9 'C (K 3), “F¥) VPD Z1°4 3.4~6.1 kPa,
TR RS . RETEEDAEKIEENRE, 1EY
A mENTTRE, AHTERARENTA N
BT, = IR E PR .

HAREREX. HBXEEIISEILR

Table 3  Air temperature comparison among experimental, contrast and outdoor area of Chinese solar greenhouse

IERIBAAR WAEIRK R X AR Xof R X AR IR 5 X 50 R X
RGBT IR Eﬁ;ﬁﬁ Air temperature of Air temperature of Outdoor air BE W gign%er%afuignﬁ
Hi Run time of  Circling water experimental area/ 'C contrast area/ C temperature/'C Temperature B P
Date it tional Indoor solar diff between difference between
positive pressure  operational L e . e . e . ifference imental and
fan-pad cooling states of ra\i;fa.tlgn/ THE & s o CPE & s P & s 1 experimental and e;:fg:)?::r: a/ilé
system cooling pad (Wm™)  Average Maximum Average Maximum Average Maximum contrast area/C
2018-08-15 09:50-17:30 T 147.5 322 343 37.6 404 372 39.1 -5.4 -5.0
2018-08-16 09:30-17:30 T 177.7 31.7 33.8 37.8 41.0 36.7 39.4 —6.1 -5.0
2018-08-17 10:30-17:30 T 129.2 313 325 37.1 38.8 353 374 -5.8 -4.0
2018-08-20 10:30-17:30 TH 171.7 33.4 35.0 39.1 424 35.8 379 -5.7 24
2018-08-21 09:30-17:30 T 178.8 30.7 329 41.7 46.5 36.1 38.8 -11.0 -5.4
2018-08-23 09:30-17:30 K 174.9 35.0 38.0 415 453 35.6 38.8 -6.5 -0.6
2018-08-24 11:00-17:30 T 156.1 31.8 33.7 429 46.2 36.1 38.2 -11.1 -43

Ve DU HIE) DG S B A TR IR S -

Note: External shading screen of the Chinese solar greenhouse is always open during the test.
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RGBS T, BEAEY A S AL A PR KA1 YR ERE AR oL fEE, AR EMAEK
XEWRE XS COy Bt 22 7 AL B i (1 SFLFR s 7EAIK REPE, IE R AT A KSR 2R G R a] DA R iR
MR T A K I, EEED T RN, R BEEMREE GR 4, EHAREREX, = P
FOLUEIET, EIR PR LA S PRV ED R, HE SN 49.8%~62.3%, i TXHRIX K AN S A RHE
MFARA YA K R . B, A vk K AL 1% B, 0N 13.6%~21.2%F1 13.6%~24.6%, i
BB S BRAUR S R B,  RIRHE S S A B EwRT. MR R AT

F4 BAABERERX. WRERENZSEINTE R

Table 4  Air relative humidity comparison among experimental, contrast and outdoor area of Chinese solar greenhouse

TR DA R P Xof FE DA O o A TR5 X 500 B X AR 8 X 5 % SR
Relative humifity of experimental Relative humidity of contrast L&I\*Eﬁﬂkfg. . M JE 7=
H A o o Outdoor relative humidity/% A ey
Date area/% area/% Humidity difference Humidity difference
S SA) B LR e ARAR S SA) B L B ARAE TP AeEf BAR{E between experimental between experimental
Average Maximum Minimum  Average Maximum Minimum Average Maximum Minimum and contrast area/%  and outdoor area/%
2018-08-15 61.4 67.4 559 47.8 60.9 412 38.0 455 334 13.6 23.4
2018-08-16 57.0 67.0 50.1 43.1 58.6 36.5 343 41.3 29.1 13.9 22.7
2018-08-17 62.3 68.2 57.6 46.0 52.1 41.5 433 52.0 36.8 16.3 19.0
2018-08-20 62.3 70.1 58.0 46.9 61.8 40.9 48.7 57.9 434 15.4 13.6
2018-08-21 534 62.4 47.6 323 51.6 26.5 28.8 389 252 21.1 24.6
2018-08-23 35.7 55.6 27.6 33.6 50.2 274 34.1 47.4 24.1 2.1 1.6
2018-08-24 49.8 58.2 449 28.6 34.8 23.0 30.0 36.2 26.2 21.2 19.8
2.1.3 BRI EA TGl S EINIE RIS, AR BFERARMERR S AR

IEER A A XEFERERTHSEEREE R B BN TR AR AR, DRI SR ] R e 2
FREnE 4 fros, 2018 48 H 15 H 9:00 £ 8 A 16 H T 5 N, 78 BRI G IR B BE4T A e R, 2R T H
9:00, H iR =R 56 X 1F 5 745 4 KA IR R G0 B % 4 IR 2 1) B IR A PR K R OR AR

I 1/]5 ’ Xj‘ ﬁﬁ [X ?T ﬂ: ]’Dj ﬂ: T;)_‘?T ;FD @-\IU T%T i& ’ﬁt E ﬁ)ﬁ‘ i@.})—([‘ B% /ﬂ%‘l ’ "Lﬁ — %6 X Ji FFExperimental area air temperature
56 X 1505 B X400 PR 349 b T TR 2 e BB e Btdoor i temperatare
bt 5 A B S O 180, ORI 2 iR X5 0 XU 151 e R e o atton 11000

JEBE T, MXHR R RS, £E 9:40 JRZIL[FA

xR X 5 AR AR A B, 0 R X 8 R e ey =

P {200

s RIEIX . WX R S e R N 34.3. 404

) 33.4 °C, MHAHEPEFRIRE 70%70 47, JER 2402 & 180 £
MBEESY RN 32.7 CHI 49.3%. 9:50 H i = k56X iF : sf, T
JERR A KRBLE S, EASIRERE, 2 17:30 H kR 2 F S
SER, W TRIALIR T AR S0, T AR %5 £ w0 5
I 5.4 M 5.0 CCE 3, BARESHN 6.5 M 78 C; @ st Z
il
-
F39.1°C, A HBLT 14:20. 14:20 J2 15:00; 1A S e e o s
WX N R IR 2 T X IR A2, T3 P IIN P SSSSS
MR 5 61.4%. 47.8%F 38.0%. zmﬁgfﬁgin%%
*E?Eiwﬁi%%ﬂ?ﬂﬁﬂ%, I'EX 19:30 ﬁﬁ\ El 6:00 %j a.Temperature and solar radiation
PR B B B, 3 1E] H O il = a5 X 24 (26.5 1C) _gﬁ% é"gﬁ:&g‘i‘?g}rﬂea """" X} IX Contrast area

—_
(=3
=

RFXFHRIX (28.9 C) FI=EH (28.8 C); RILIX . XF
HRIX AN SRR EE 2 A 78.3% 70.2%FH
60.4%. 19:30 £k H 2:00, 1EEEAH AN IEREE LR
Fia#, 2:00 UGt Fia.

== 1 S T SO SR R T R e LA LI RN R S G
B H G IR = SR, SF3ER EG B AR XU X R XA
2.4 °C, B T RISATH L FEIR IR B RN, FE R Z

o®©
[=4

D
f=}
T

o3
(=)
T

B EE Relative humidity/%
=
f=]

0 P L R L R L P ’
N \A.QQ RN A.QQ S PP A.QQ NN

R IA) 28 A 23l AR R EIR, MR REROR, RIS NN N SR AN AN
S VPD U, BE AR IE R AT B KA K :*f;;;;

. S 1] S e 10 S NN . AR
1&)\?’%,ﬁ%ﬁ%ﬁﬁ%lﬁﬁifﬁﬁﬁﬁ‘]@ﬁj//%}XL%/E& b. Relative humidity

RAMUAHC I REEHZHOHA, Eag o
PIA], B 7K 5 #RERE R  H e i =7 3 <R b B 2R Note: From Aug.15 to Aug.16, 2018

K H R EEAL T 2.6~2.9°C, HEFEEXRSIEE B4 EJRIE A RMRAE A T B LR T IR AR T
VB A NI R FEEA LI T B0, sebr b, T8 Fig.4 Diurnal variation of Chinese solar greenhouse climate

ELW, RIS S R, RS EEEEH under the action of positive pressure fan-pad cooling system
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2.1.4 RANA

1E TR 4 75 4 MM LB (3874 25 SN i 2 T S BB HE N
B, HYARER 4 BRI E _EER 450K, 2R
JERES BT EHR R B4, B 5 NIE RS A KRR
TEHF HYBIRE 1.5 m mi kb KUE 530, Al %0 H G = A X
BLE G, BARRGE N 0.35 m/s, IR ILETHITE T 7
DI RGBT ms,  FE 2R P 5 1) b JRGIEE g o ] i
XS PRI, BRI A 2 A K.

b
Wind velocity/(m-s ')

575 1.0
N
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b=
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Z 230 0.5
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R iy Rk A
Fig.5 Wind velocity distribution at a height of 1.5 m in a Chinese
solar greenhouse under the action of positive pressure fan-pad
cooling system

2.2 EEERFTAXPERMERED T
2.2.1 MRk

VR KA prigfrid i, AR S5EH R
[ 7K T V2 AT 58 A B R A e, B R BRI A F
100%. W2 73 KB iR 28 5 1) 80 T 250 % 3 B2 7 3o 3 XUGEE
SUTATRY N AN L TATRE| [T Va1 I e =R e B
FEAR IR 7Y 3R TH X . 2 e 7 B M I K R T
SRAG T = BRI AR . (HE R IR S 1VA s FR R DA &
PR B A A I SR, VAT ML R 2R 0 o 7 R
W, B0 20 /h CREBRSIKD T XALE X E
BB 16 = P IR B A T AR AT, S T 7 LA
B, I KR P E W T R XGE R R A XL aE X
IR B A BT IR 1 PR SCR 5 B SRR RCER .

Kl 6 s IEEIRATA KR R R AR . R
A ER RS, BRI A R R SR T Y B RL
BN 1%, =T A& SRR A RLE 60% ~
80%!" i T B IE R A R (R*=0.910 1),
CIFSIE=C)$2 88 IC D OMAT AW INE SR i TR &S Al
BN AN, WTIE K B ERKRRSRER, R F
BRI R EF— C IR K B AR, 78 BRI AR TR R K
BH¥WE 214~253 C, KT =4 MEEREE
22.6~27.0 C (B 7, AR T#— LI EiB A K&
RGNS B AR IR R K B IR 0%

2.2.) HAKEF

x5 prno N H AR EIE R R A K FRFEKE. 1E
ARG AN, H IR 3R F I W 7 ¥4 XU IR (R RE 7K
B4 0.035~0.079 g/(m*s). W 8 FiR, FE/KELEZEA
K FEA MR E 2 VPD 2 IEMSE (P<0.01, 7=0.64) ,
VLA AP ST, VKRS IAE ok, YR A
A PRI R G FE K RO, BRIR SR Rk T

16 1
12+
@)
25l
= &K y=0.910 8x
00° R2=0.9101
s n=271
0 . . . . .
6 8 10 12 14 16

(ttu,w)/C

e HHEIE 2018 4 8 1 15-17 H. 20-21 H. 24 H. &, AEAT IR
toad JUBITIRAT G SRS s tao NEIN T RIBERIELE

Note: Data are selected from Aug. 15-17, 20-21 and 24, 2018. ¢, is outdoor air
temperature; #,,q is temperature of air after passing cooling pad; #,w, is wet bulb
temperature of outdoor air.

Bo6 HOLEREERRLFANEERRGBRIF
Fig.6 Cooling efficiency of positive pressure fan-pad cooling
system used for Chinese solar greenhouse

—A— EFF/KIR Circling water temperature
—0— EHESSIBERIEBE Outdoor air wet bulb temperature
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Fig.7 Comparison between circling water temperature of the
positive pressure fan-pad cooling system and wet bulb
temperature of outdoor air

x5 HABEEEEZHLNERFEKE
Table 5 Water consumption rate of the positive pressure fan-pad
cooling system used for Chinese solar greenhouse

FEKE

FI34i Date Water consumption rate/(gm s ™)
2018-08-15 0.056
2018-08-16 0.064
2018-08-17 0.048
2018-08-20 0.035
2018-08-21 0.079
2018-08-24 0.074
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2019 4F

y=0.017 7x-0.008

F£7K it Water consumption rate/(g'm s™!)

R=0413 5
o o n=271
0 1 1 1 1 1 1 )
20 25 30 35 40 45 50 55

IKZES AT EZE Vapor pressure deficit (VPD)/kPa

e HHEIE 2018 4 8 7 15-17 H. 20-21 H. 24 H.
Note: Data are selected from Aug. 15-17, 20-21 and 24, 2018.

A8 EEREFTANERAZZAKELTINEA
K& AM0A R £ VPD #948 K 1%
Fig.8 Correlation between water consumption rate of the
positive pressure fan-pad cooling system and vapor
pressure deficit (VPD) of outdoor air
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Performance of positive pressure fan-pad cooling system and
cooling load model for Chinese solar greenhouse

Sun Weituo'?, Zhou Bo'?, Xu Fan?, Shang Chao'?, Chungui Lu?, Guo Wenzhong®**
(1. Beijing Research Center of Intelligent Equipment for Agriculture, Beijing Academy of Agriculture and Forestry Sciences,
Beijing 100097, China; 2. Key Laboratory of Agri-informatics, Ministry of Agriculture, Beijing 100097, China;
3. School of Animal, Rural and Environmental Sciences, Nottingham Trent University, Nottinghamshire NG250QF, UK)

Abstract: Year-round and efficient production for crop products of high yield, quality and cleanliness is the development trend
of the Chinese solar greenhouse (CSG). However, this is limited by unfavorable climate conditions inside the CSG, such as
high air temperature in warm seasons. The fan-pad cooling system, normally adopting negative pressure ventilation, has been
widely used for greenhouse cultivation. But it generates a large air temperature gradient in greenhouse, limits the greenhouse
dimensions. Above deficiencies are more serious in the CSG. Because CSG always has a long distance between the sidewalls,
fans and gaskets are installed separately on the sidewalls. In order to overcome the limitations of negative fan-pad cooling
system and improve ability of the CSG in coping with high temperature, a positive pressure fan-pad cooling system (PPFPCS)
was designed in this study. By using this system, the cold and humid air enters the CSG from bottom of south roof, and then
hot air leaves the CSG through roof vents. Performance of the PPFPCS was tested in a CSG without crops in Beijing area
during summer. Results showed that in typical summer hot days, the PPFPCS cooperating with external shading net could
decrease mean air temperature of the CSG experimental area to 30.7-33.4 “C, which was lower than that in the CSG contrast
area using natural ventilation combination with external shading net by 5.4-11.1 ‘C. Air temperature of the CSG experimental
area was also lower than that outside the CSG with a temperature difference of 2.4-5.4 ‘C. Nevertheless, both natural and
mechanical ventilations were tested to have limited cooling capacity to meet climate requirement for CSG cultivation. The
PPFPCS could also decrease the CSG air temperature at night, but had a poorer performance in comparison with daytime
cooling due to the smaller vapor pressure deficit (VPD). The contrast area of CSG encountered an extreme low air humidity
state with mean VPD of 3.4-6.1 kPa. PPFPCS could effectively alleviate low humidity stress: the average relative humidity in
CSG experimental area was between 49.8% and 62.3%, which was 13.6% - 21.2% higher than that in CSG control area and
13.6%-24.6% higher than that in outdoor area. Wind velocity inside the CSG experimental area ranged from 0.35 to 1 m/s,
which indicated a relative uniform air flow distribution. Cooling efficiency of the PPFPCS was about 91%, which was over 10
percentage points higher than that of the traditional negative pressure fan-pad cooling system. Low temperature of the PPFPCS
circling water contributed to the high cooling efficiency. Average water consumption rate of the PPFPCS used for CSG
cooling was 0.035-0.079 g/(mz-s) during the test. It had a positive linear correlation with VPD of outdoor air, that is drier
outdoor air anticipates larger water consumption and better cooling performance. Both cooling load model of the CSG and
selection method for fan-pad cooling system were derived. Cooling load model is the basis for capacity calculation of cooling
equipment to be installed. Cooling load of the CSG in summer was 299.1 W/m®. Contribution ratios of convective heat transfer
between north wall and indoor air, convective heat transfer between greenhouse floor with indoor air, hot air infiltration, as
well as heat transfer between indoor and outdoor air though south roof, north roof and side walls were 11.0%, 73.3%, 1.3% and
14.4%, respectively. The maximum specific ventilation rate of the PPFPCS used for CSG cooling was recommended to be
0.067 m/s. This study can provide technical support for the application of PPFPCS in CSG cultivation and provide theoretical
basis for the climate control of CSG production in summer.

Keywords: greenhouse, temperature; models; Chinese solar greenhouse, positive pressure ventilation, fan-pad, cooling,
cooling load



