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Abstract: A im ing at so lving the p rob lem of low er temperatu re, w h ich restra in s p lan t developm en t, p roduction and quality in

greenhouse du ring w in tert im e, a system w as in troduced w h ich cou ld sto re so lar energy in substrate m ain tain the so il

temperatu re to m eet the crop requ irem en t fo r grow ing w ell. T h is research w as conducted m ain ly by m athem atical sim u lat ion

and the regression analysis in the SA S Softw are. T he resu lt show ed that the system cou ld efficien t ly increase the so il

temperatu re and reduce range of so il temperatu re fluctuat ion in the greenhouse du ring w in tert im e. A nd there w as a

transit ion layer of the substrate temperatu re betw een the sto ring one and heating one, in w h ich the temperatu re did no t vary

w ith the t im e, bu t the o thers did. T he research p roved that the sim u lat ion resu lt show ed good agreem en t w ith the m easu red

one. T he difference m ethod w as used to calcu late the heat diffu sion coefficien t and it w as accu rate enough. It w as also

confirm ed that the op tim izing areas rat io of so lar co llecto r of the system to cu lt ivat ion field is 1∶5, w h ich cou ld m eet crop

grow th requ irem en t all the year round in the study situat ion. In a w o rd, the system cou ld accomp lish the goal of sto ring

so lar energy in summ er and u tilizing in w in ter, sto ring it in daytim e and u tilizing in n igh tt im e, sto ring it in sunsh iny day and

u tilizing in cloudy day, fo r raising substrate temperatu re to m eet the p lan t grow th requ irem en t w ithou t any o ther energies.
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1　 In troduction

　O ne of the variab les w ith the grea test influence on

the physio log ica l respon se of p lan t is so il tem pera tu re.

T he roo ts of crop are frequen t ly sub jected to

tem pera tu re below the op t im um level fo r the

yield [ 1～ 3 ]. Con sequen t ly, the u se of so il hea t ing

system s m ay be conven ien t and beneficia l to bo th the

yield and quality of p roducts. T hu s the greenhou se

so il hea t ing in sta lla t ion s have becom e standard

techn ica l equ ipm en t in m odern greenhou se

facilit ies[ 4～ 6 ]. T herefo re, variou s au tho rs successfu lly

tested the u se of hea t in the environm en t w here roo ts

of the crop s grow , and the hea t w as u sua lly supp lied

by w arm w ater p ipes w ith the gas, coa l o r o il as

energy resou rces[ 4～ 7, 13～ 19 ].

　A n alterna t ive so lu t ion fo r sub stra te hea t ing is the

u se of a so lar energy co llect ing2hea t ing system w h ich

com b ines a ll the advan tages comm on to the rest of the

system s, such as clean liness in the con sum p tion,

secu rity and con t inu ity in the supp ly, easy con tro l and

versa t ile app lica t ion w ith econom ic opera t ion [ 8～ 10 ].

T hese advan tages can com pen sa te fo r the h igher p rice

of facility w ith respect to o ther resou rces.

　A nalysis and defin it ion of phenom ena occu rring in

the cou rse of hea t and m ass tran sfer in the sub stra te

enab les the developm en t of m athem atica l m odels of

the p rocess, each m odel ca lcu la t ing differen t variab les

in th is p rocess. U sing these m odels, it is po ssib le to

com pare hea t ing system s fo r m ax im um efficiency. In

som e pub lished papers, fragm en tary research resu lts

have been p rovided, bu t a com p rehen sive ana lysis is

ad j st ill lack ing, especia lly fo r so la r greenhou se[ 7～ 9 ].

T he ob ject ives of th is w o rk w ere ( a ) to define the

so lar sub stra te hea t ing system configu ra t ion and the

opera t ing condit ion s to p roduce the best energy and

econom ic resu lts and (b) to m odel a hea ted sub stra te

by the so lar energy hea t ing system fo r so lar

greenhou se in o rder to p red ict the sub stra te

tem pera tu res and to est im ate the pow er efficiency and

therm al st ructu re of hea ted sub stra te.

2　M a ter ia l and m ethods

2. 1　Exper im en ta l greenhouses
　T he experim en ts w ere conducted in a 234 m 2 so la r

greenhou se w ith popu lar st ructu re in Ch ina [ 1～ 4, 7, 9 ] ,

w h ich w as loca ted in the no rth part of Beijing. In the

greenhou se, there w ere tw o iden t ica l a reas of 39 m×6

m , w h ich w ere therm ally in su la ted from each o ther

and given iden t it ies É and Ê . In the area É , the

hea t ing system w as in sta lled fo r op t im um so il

tem pera tu re, m eanw h ile the Ê w as taken as the

com parison. T h roughou t the experim en t, cucum bers
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w ere cu lt iva ted in bo th areas of the greenhou se.
2. 2　Solar energy substra te hea ting system
　 A s show n in F ig. 1 show n, the so lar energy

sub stra te hea t ing system includes th ree parts: the
so lar energy co llecto r w ith the w id th of 150 cm ,

sim ila r to the w id th of the back roof of the so lar

greenhou se, leng th of 3600 cm , a lm o st the sam e

length of the greenhou se, and heigh t of 40 cm
in sta lled on the back roof of the so lar greenhou se. T he

in sta lled h ighest po in t is ju st 40 cm h igher than the

ridge heigh t of the greenhou se. T he sub stra te hea t ing

part by m ean s of PV C p ipes bu ried in the upper so il
and sto ring part by m ean s of steel p ipes bu ried in the

deeper so il, and the circu la t ing part included w ater

tank and pum p.

F ig. 1　D iagram on installa t ion of so lar

substra te heat ing system

　 T he p ipes w ere equ id istan t from each o ther to

en su re a un ifo rm dist ribu t ion of the hea t. T he

diam eter of the PV C p ipes bu ried a t dep th of 30 cm

w as 7. 5 cm , and the d istance betw een one p ipe and its

neighbo rs w as a lso 30 cm , fo r hea t ing so il d irect ly.

Steel p ipes w ith d iam eter of 14 cm w ere bu ried a t

dep th of 80 cm w ith d istance betw een one and the

o ther being 80 cm too, fo r increasing the therm al

inert ia of the system and sub stra te and m ak ing the

best u se of hea t a t n igh t, o r cloudy day and so on.

Becau se of the sho rt d istance betw een p ipes, the

w ho le sub stra te layer in w h ich the p ipes w ere p laced

w as con sidered to have a un ifo rm tem pera tu re[ 13, 17～ 19 ].

T h is a llow ed hea t conduct ion to be con sidered as one2

dim en siona l in stead of tw o2dim en siona l and the
experim en ta l design to be sim p lif ied w ith sen so rs

p laced on ly in the vert ica l d im en sion [ 14～ 17 ]. T he set

po in t tem pera tu re fo r the hea t ing of the sub stra te w as
18℃ m easu red a t a dep th of 20 cm , fo r the sto ring

w ater in steel p ipes w as 80℃ and fo r the hea t ing w ater

in PV C p ipes w as 60℃, the tem pera tu re va lues w ere

repo rted by Rom ero, M art inez and W u et a l[ 10, 12～ 15, 17 ].
1. 3　Exper im en ta l design s
　T he design param eters in th is invest iga t ion of the

so lar sub stra te hea t ing in sta lla t ion w ith tw o k inds of

dep th w ere tho se w h ich either cou ld hea t the sub stra te
d irect ly o r cou ld accum u la te the hea t genera ted by the

so lar energy co llecto r fo r gradual release to the crop

roo ts w hen there w as no sun sh ine. In bo th p ipes, a
device m oun ted m on ito red w ater tem pera tu re and

flow. U sing the m on ito ring device, coefficien ts of hea t

exchange betw een p ipes and so il cou ld be ca lcu la ted.

In the cou rse of the study, hea t ing w as availab le on
dem and in so lar energy co llecto r th roughou t the

invest iga t ion. A nd the hea t ing system w as sw itched

on au tom atica lly w hen the sub stra te tem pera tu re fell

below 18℃.
　T he fo llow ing condit ion s w ere m on ito red du ring the

tw o years research (A p r. 2001～ A p r. 2003 ) : a ir

tem pera tu re, rad ia t ion and hum idity bo th in side and

ou tside the greenhou se, the sub stra te tem pera tu re
in side the greenhou se. T he tem pera tu re of the

sub stra te w as m easu red a t 30 m in in terva ls u sing

RHLO G211 (m ade in T singhua Tongfang, Ch ina) , in
w h ich the sen so rs w ere p laced a t d ifferen t dep th s as

show n in F ig. 2.

　
F ig. 2　Senso r p lacem en t fo r m easu ring substrate

temperatu re of greenhouse

　T he air and so il hum id ity w as m easu red a lso a t 30

m in in terva ls, u sing RHLO G2IV (m ade in T singhua
Tongfang, Ch ina). T he rad ia t ion and air tem pera tu2
res bo th in side and ou tside the greenhou se w ere

reco rded by m ean s of Hobo2boxcar (m ade in U. S. A ).
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3　Num er ica l s im ula tion s

3. 1　M odel of ca lcula ting coef ic ien t hea t d iffusion (Α)

　H eat t ran sfer by conduct ion in sub stra te has been
defined by the conduct ivity equat ion

cΘ5T
5t

= Κ52T
5x 2 (1)

W here, T is the tem pera tu re of sub stra te, K; t is the

t im e, s; Κ is the therm al conduct ivity of sub stra te,

W ö(m·K); Θis the sub stra te den sity, kgöm 3; c is the

vo lum etric hea t capacity, J ö(m 3·K).
　Fo r sim p lif ica t ion, assum ing c, Θand Κas con stan t.

　 In the case of the so lar greenhou se, fo r so lving the

above equat ion, the fo llow ing assum p tion s w ere

m ade:

　 1 ) T he sub stra te is po rou s, hom ogeneou s and

iso trop ic.
　 2 ) T he hea t t ran sfer in the sub stra te occu rs

exclu sively th rough conduct ion, w h ile the con tact

resistance a t the in terface betw een the hea t ing p ipe

and sub stra te is neg lected.
　3) A t any t im e, the tem pera tu re of sub stra te varies

a lm o st in the sam e w ay on the g iven ho rizon ta l su rface

excep t fo r the boundary.

　4) D u ring the very sho rt t im e, the hea t d iffu sion

coefficien t is con stan t in the lim ited th ickness of the

sub stra te, fo r the m o istu re con ten t and the hea t ing

p ipe m ateria ls a re a lso con stan t in the en t ire ana lysis
p rocess.

　5) T he tem pera tu re of so il su rface varies sim ila rly

in sine funct ion w ith the t im e of a day2n igh t.

　T hu s, equat ion (1) can be exp ressed as
5T
5t

= Α52T
5x 2

T (x , t) = T 0 + A sinΞt (x = 0, t≥ 0)
(2)

W here, T 0 is the average tem pera tu re of so il su rface; Ξ
= 2Πöp , p is the period icity of the so il su rface hea t
varia t ion, here the va lue is as a day2n igh t t im e, s. Α=

ΚöcΘ, a is the coefficien t of hea t d iffu sion, m 2ös. A is

the da ily am p litude of the sub stra te tem pera tu re
varia t ion. T hese equat ion s w ith in it ia l2boundary

condit ion s w ere so lved by the d ifferen t ia l

m ethod [ 13～ 16 ]. T he resu lt is

T (x , t) = T 0 + A e- x Πö(Αp ) sin [
2Π
p

- ( t -
x
2

p
ΑΠ) ] (3)

W here, T (x , t) is the varia t ion of the tem pera tu re a t

any dep th of the sub stra te a t any t im e.

2. 2　 In it ia l and boundary cond ition s of the m odel
　A s discu ssed above, the coefficien t of hea t d iffu sion
is essen t ia l in the m odel fo r the necessity of d iscu ssion

as fo llow s. T here are m any elem en ts, such as so il

tex tu re, so il st ructu re, so il aera t ion and sa tu ra ted
w ater con ten t w h ich influence the hea t d iffu sion of the

sub stra te, and it is d iff icu lt to define them either
m athem atica lly o r experim en ta lly. Fo rtuna tely, the
coefficien t of hea t d iffu sion can be defined in equat ion
(2) by the d ifference m ethod. In equat ion (2) , it cou ld
u se d ifference as a sub st itu te fo r d ifferen t ia l and it is

　
5T ö5t = [T i ( t + ∃T ) - T i ( t) ]ö∃T

52T ö5x 2 = [T ′i+ 1 ( t) - 2T ′i ( t) + T ′i- 1 ( t) ]ö∃x 2 (4)

W here the sub scrip t i deno tes the each separa te node

in the space of the sub stra te. T hen sub st itu t ing
equat ion (4) fo r equat ion (2) and sim p lying gives

T j+ 1
i - T j

i

∃ t
=

Αj+ 1
i+ 1

2
(T ′i+ 1 - T ′i) - Αj + 1

i- 1
2

(T ′i - T ′i- 1)

∃x 2 (5)

W here the superscrip t j deno tes the each t im e w hen
the sub stra te tem pera tu re is m easu red o r ca lcu la ted.

Fu rtherm o re, assum ing the Αbeing equal any w here a t

an ind ica ted dep th of the sub stra te, the resu lt is

Α=
∃x 2

∃ t
õ T j+ 1

i - T j
i

T ′i+ 1 - 2T ′i + T ′i- 1
(6)

W ith T ′ = (T j+ 1 + T j ) ö2, w here ∃ t is the t im e
in terva l, s; ∃x is the dep th space betw een upper and
deeper sub stra te, m.

　T he in it ia l and boundary condit ion s m ay be beyond

hum an con tro l o r m ay be cau sed by hum an act ion,

such as hea t ing. T he tem pera tu res of sub stra te

su rface and sub stra te base, th roughou t the
sim u la t ion, w ere the upper and deeper boundary

condit ion s, w h ile the tem pera tu res of a ll the nodes a t
the beginn ing of the sim u la t ion w ere the in it ia l
condit ion, Boundary and in it ia l condit ion s w ere

m easu red and supp lied to the m odel th roughou t the

sim u la t ion t im e. W hen heat ing in opera t ion, the
m odel d id no t ca lcu la te the tem pera tu re of the node

w here the hea t ing p ipe w as p laced. It w as a hea t
sou rce and thu s it w as included w ith in m odel as an

addit iona l boundary condit ion. T hat w as no t a m odel
inpu t, bu t a funct ion tha t w as est im ated and included
in the com pu ter p rogramm er. W hen the hea t ing p ipe

w as no t in opera t ion, the tem pera tu re of the node

w here the p ipe w as p laced w as a lso ca lcu la ted u sing
the m odel.

3　Result and d iscuss ion

3. 1　Estima ting Α
　Fo r the m o st vegeta t ion, the dep th of 10～ 25 cm is
the likely dep th of the grea test roo t den sity, fo llow ing
the recomm endat ion of M erbaum , L i, et a l[ 6, 10 12～ 14 ].

W u, Chang, M a and Yang also po in ted ou t tha t the
grea test roo t concen tra t ion of the crop s, such as

auberg ine, cucum ber and tom ato [ 1～ 3, 6～ 7, 10～ 12 ], w as
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cen tra lized near the dep th of 15 cm in the sub stra te.

T herefo re, in the equat ion (6) m ak ing ∃x is 15 cm , t

is 1 h, and w ith the m easu red data of the sub stra te

tem pera tu re in area É , the ΑÉ of the hea ted so il in É
is ca lcu la ted as show n in tab le 1, the va lue of ΑÉ is

ΑÉ = (1ön)∑
6

i= 1
Αi = 9. 77× 10- 3 cm 2ös

　T he ΑÊ , the hea t d iffu sion coefficien t fo r area Ê , a s
com parison, is ca lcu la ted as show n in tab le 2. T he

resu lt of the ΑÊ is as

ΑÊ = (1ön)∑
6

i= 1
Αi = 8. 04× 10- 3 cm 2ös

Table 1　Calcula ted results of ΑÉ for É

N o.
1

j j + 3∃ t

2

j j + 3∃ t

3

j j + 4∃ t

4

j j + ∃ t

5

j j + 3∃ t

6

j j + 2∃ t

T i+ 1 14. 36 14. 23 14. 11 13. 98 13. 98 13. 86 16. 37 13. 86 16. 71 16. 37 15. 67 15. 44

T i 15. 67 15. 56 15. 56 15. 44 15. 44 15. 32 15. 44 15. 32 15. 56 16. 14 16. 37 16. 25

T i- 1 16. 71 16. 71 16. 71 16. 71 16. 71 16. 60 16. 48 16. 60 16. 48 16. 60 16. 71 16. 71

Αi 9. 98× 10- 3 10. 42× 10- 3 10. 41× 10- 3 8. 33× 10- 3 8. 76× 10- 3 10. 71× 10- 3

Table 2　Calcula ted results of ΑÊ for com par ison area Ê

N o.
1

j j + ∃ t

2

j j + ∃ t

3

j j + ∃ t

4

j j + ∃ t

5

j j + ∃ t

6

j j + ∃ t

T i+ 1 13. 11 12. 98 12. 85 12. 73 12. 6 12. 47 15. 32 15. 67 14. 36 14. 11 13. 98 14. 11

T i 14. 23 14. 11 14. 11 13. 98 13. 98 13. 86 16. 82 16. 71 14. 96 14. 84 14. 72 14. 84

T i- 1 14. 36 14. 36 14. 36 14. 36 14. 36 14. 36 17. 28 17. 28 14. 48 14. 48 14. 60 14. 48

Αi 7. 98× 10- 3 8. 55× 10- 3 7. 98× 10- 3 9. 05× 10- 3 6. 94× 10- 3 7. 73× 10- 3

　Com paring the aÉ w ith aÊ , it is the hea ted sub stra te

w ith h igher tem pera tu re tha t po ssesses the grea ter
coefficien t of hea t d iffu sion in va lue than tha t of

unhea ted one. T hat is to say, besides the na tu ra l

elem en ts, the hea t d iffu sion of the sub stra te cou ld be

easily regu la ted th rough hea t ing by hum an being.
3. 2　Va l ida tion of the m odel
　 In o rder to invest iga te the varying pat tern of the

sub stra te tem pera tu re w ith the dep th du ring a day2
n igh t t im e, the non linear regression analysis w as
conducted by u sing the com pu ter p rogram of SA S.

T he data w ere ana lyzed w ith sub stra te dep th from 0 to
25 cm du ring the t im e from N ovem ber 2002 to M arch
2003; the regressive resu lts a re show n in tab le 3 as

sim u la t ion. In F ig. 3 and 4, the sim u la t ion s are

com pared w ith the m easu red ones.

　 In the tab le 3, it is obviou sly dem on stra ted tha t the
hea ted sub stra te in É , w h ich is hea ted by so lar

energy co llect ing—hea t ing system , ow n s the h igher

m ean tem pera tu re of 1. 08℃ than tha t of the unhea ted

one in com parison Ê . In o ther w o rds, it is the deeper
p ipes act ing as accum u la to r in system tha t can ra ise

the tem pera tu re of the therm o sta t ic layer of sub stra te

up to m o re than 1℃, w h ich is m uch beneficia l fo r the

crop p roduct ion w hen there is no sun sh ine fo r a longer
t im e. M o reover, the sm aller varying am p litude of
1. 22℃ in É m ean s tha t the hea ted so il tem pera tu re is

m o re harm on iou s fo r crop roo t grow th.

F ig. 3　Experim en tal resu lts vs the sim u lat ion

of 10 cm substrate temperatu re

F ig. 4　Experim en tal resu lts vs the sim u lat ion
of 25 cm substrate temperatu re

Table 3　Results of non l inear regression ana lysis
of vary ing tem pera tures of substra te

5 Regression equation Amp litudeö℃ R 2

É 3. 52×10- 3 　 Y 1 = 15. 32 + 2. 88e- 6. 1

　 sin (0. 26t - 6. 1x - 1. 83)
2. 88 0. 95

Ê 2. 89× 10- 3 　 Y 2 = 14. 24 + 4. 1e- 6. 73

　 sin (0. 26t - 6. 73x - 1. 83)
4. 10 0. 95
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　T he h igher hea t d iffu sion coefficien t of 0. 63×10- 3

in the hea ted sub stra te of É cou ld help fu lly m ake the

a ir tem pera tu re in the greenhou se to be reasonab le fo r

crop grow ing du ring the w in tert im e. T he analysis

fu rther show ed tha t the coefficien t of hea t d iffu sion

cou ld sign if ican t ly be affected by differen t facto rs such

as hea t ing in ten sity and w ater con ten t in the

sub stra te.

　 T he com parison betw een the m easu red and

theo ret ica lly ca lcu la ted tem pera tu re da ta show ed tha t

the suggested m athem atica l m odels co rrect ly defined

the tem pera tu re changes in sub stra te hea ted by the

system. A nd they cou ld be a k ind of u sefu l too l w ith

w h ich to assess and p red ict the varying trend of

sub stra te tem pera tu re, the energy con sum p tion of

hea t ing, and to eva lua te the efficiency of the design

param eters in hea t ing system.

　Fo r the rela t ion sh ip of the a ir tem pera tu re w ith the

sub stra te one, the resu lts of regression analysis are

show n in tab le 4.
Table 4　Regression ana lysis of the a ir tem pera tures

with so il tem pera ture in É ℃

Regressive equation R 2

Inside air temperature (Y ) to

substrate one ( ts) of surface
Y = 7. 98 + 0. 6 ts 0. 99

Inside air temperature (Y ) to

substrate one ( ts) of 10 cm
Y = 16. 16 + 0. 1 ts 0. 93

　H ere a fact shou ld be po in ted ou t tha t the ou tside

am b ien t tem pera tu re in dayt im e is p ract ica lly no bound

up w ith the so il tem pera tu re, due to the ven t ila t ion

and so lar rad ia t ion, thu s the regression analysis w as

carried ou t from the 14: 00 pm to 8: 00 am. A s a

resu lt, the ana lysis ind ica ted tha t degree of the so il

tem pera tu re influencing the a ir one in a greenhou se

d ist inct ly varied w ith the dep th of the sub stra te. T he

deeper it goes in the sub stra te, the less it affects a ir

tem pera tu re, w ith the degree decreasing from 6 to 1

po in t (F ig. 2) as the dep th from zero to 10 cm. T h is

find ing m ay p rove the tw o k inds of ideas: one is tha t

accum u la t ing the hea t in the deeper sub stra te w hen

the upper so il hea t is adequate, and u sing it w hen the

so il hea t is deficien t a re feasib le, eff icaciou s and

reasonab le; the o ther one is tha t the h igher su rface

tem pera tu re of the sub stra te is beneficia l to the low er

a ir tem pera tu re fo r the crop grow ing w ell.

　T he m easu red resu lts a lso show tha t the dep th of 40

cm w as the layer of t ran sit ion fo r the sub stra te

tem pera tu re. T hat is to say, there w as no tem pera tu re

varia t ion a t th is dep th anyw here in bo thÉ and Ê . It

w as m o re than 2℃ tha t the hea ted sub stra te ow ned

the fundam en ta l tem pera tu re than the unhea ted one
from th is dep th to deeper ones after hea ted fo r an

w eek. F rom the dep th of 40 cm to 80 cm , the

tem pera tu re varying am p litude becam e grea ter w ith
the sub stra te being deeper, fo r the hea t accum u la t ing

p ipes bu ried a t the dep th of 80 cm in É , bu t there w as

p ract ica lly no tem pera tu re varying of the sub stra te a t

the sam e dep th of Ê . O n the con tra ry, upw ards of
the dep th 40 cm , the tem pera tu re varying am p litude

w as eviden t ly sm aller in É than tha t in Ê , w here the

m ean tem pera tu re w as abou t 1. 5℃ h igher in the

fo rm er than the la t ter. In a w o rd, the hea t ing system
m ade th is con tra ry effect w ith the dep th of 40 cm as

the layer of the tran sit ion in the researched situa t ion.

A nd as know n w ell, the m odera te tem pera tu re varying
in the p lan t roo ts zone is advan tageou s to the crop s

grow ing.

3. 3　Ra tio of the collecting area to hea ted area and its
effect
　 In the cou rse of the study, to determ ine the area of

so la r energy co llecto r, the hea t energy balance on the

so il hea t co llect ion and ou tpu t shou ld be conducted fo r

the op t im um sub stra te hea t ing. T he analysis has been
affected by the recu rren t elem en t of the in sta lla t ion.

L eaving ou t the p rocess, the fo llow ing shou ld be

m en t ioned: the a ir tem pera tu re in greenhou se is on the

con stan t basis of 15℃ and changeab le un ifo rm ly over
th is basis anyw here in it a t a t im e. T he am b ien t

tem pera tu re ou tside greenhou se is - 12℃, the

characterist ics of the hea t d iffu sion in the base of the
greenhou se are a ll the sam e at any direct ion and

po sit ion. T hu s, the average supp lem en tary hea t fo r

the test ing greenhou se w as 90713. 41 kJ , w h ich w as

ca lcu la ted w ith the da ta from A p r. 2001 to A p r. 2002;

the efficiency of the co llecto r w as 41. 2% , w h ich w as

determ ined by experim en t a t the test ing site; the

accum u la ted value of irrad iance w as 7640 kJ öm 2,

w h ich w as the average value from 1990 to 1998.

F ina lly, the ana lysis ind ica tes tha t the op t im um rat io

of the so lar energy co llect ing area to the hea ted area

cou ld be 1∶5. Fo rtuna tely, the fu rther exact ing tex t
has verif ied th is ra t io as a fact, w h ich is reasonab le fo r

the op t im um sub stra te hea t ing in researched situa t ion.

　 T he hea t ing funct ion of the system in cloudy

w eather is show n in F ig. 5 and 6, w h ich w as the
sub stra te tem pera tu re varying on D ecem ber 23, 2002
( the fif th day of the cloud w ith snow ). Com paring the

F ig. 5 fo r hea ted sub stra te w ith F ig. 6 fo r unhea ted

one, conclu sion s can be draw n tha t the system can
enhance the a ir tem pera tu re of the greenhou se being

m o re than 1. 3℃, the upper layer sub stra te
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tem pera tu re ( 0～ 40 cm ) m o re than 2. 2℃ and the
deeper layer one ( 40～ 80 cm ) m o re than 2. 6℃
averagely. T he F ig. 5 and 6 also revea ls tha t the

deeper p ipes of the system ow n the m o re pow er
(2. 6℃) than the upper ones (2. 2℃) to m ain ta in the

tem pera tu re of the sub stra te a t the h igher tem pera tu re

fo r a longer t im e.

　
F ig. 5　T emperatu re varying trend on the cloudy day in É

F ig. 6　T emperatu re varying trend on the cloudy day in Ê

　By the w ay, fo r the econom ics, the system w as ab le

to save the coa l of 2700 kg m on th ly du ring the w in ter

of 2002 w ith con sum ing the electricity of no m o re than
87 kW·h, fo r system opera t ing to m ake the sub stra te

tem pera tu re reasonab le. Bu t the p rice of the system is

rela t ively h igh tha t m akes the payoff period be m o re

than 6 years. How ever, it shou ld be believed tha t w ith

the im p rovem en t of the techno logy, the system cou ld

be fu rther perfected w ith p ract icab le p rice.

5　Conclusion s

　1) T he so lar energy system can efficien t ly increase

and m ain ta in the so il tem pera tu re to m eet the p lan t2
grow ing requ irem en t.

　2) A lthough the coefficien t of hea t d iffu sion varies

w ith m any facto rs of the so il, and is d iff icu lt to be

determ ined, the d ifference m ethod is effect ive fo r

handling w ith it accu ra tely to m eet the cases of the

sub stra te hea t ing of greenhou se.

　 3 ) T here is a t ran sit ion layer fo r the sub stra te

tem pera tu re betw een the sto ring p ipes and hea t ing

one. T he tem pera tu re does no t vary w ith the t im e in
the tran sit ion layer, bu t the o thers do.

　4) T he so il tem pera tu re influencing the a ir one in a

greenhou se d ist inct ly varies w ith the dep th of the
sub stra te. T he deeper it goes in the sub stra te, the
less it affects on a ir tem pera tu re.

　5) T he op t im um rat io of the so lar energy co llect ing

area to the hea ted area cou ld be 1 ∶ 5, tha t is
reasonab le in the sub stra te hea t ing in the researched
situa t ion.
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节能温室太阳能土壤蓄热加温系统的研究

王双喜1, 马春生2, 张　静1, 赵聪慧1, 秦　刚1

(1. 山西农业大学工程技术学院,太谷 030801;　2. 华北工学院机械工程系,太原 030051)

摘　要: 为了改善节能温室冬天植物栽培生产地温低,严重影响植物生长发育,影响温室生产产量和品质的问题。以数学模
拟和回归实验相结合的方法,研究了温室土壤的太阳能蓄热加温系统。研究结果表明:系统能有效的提高地温,减少地温的
变化幅度; 在以加热管形成的浅层土壤温度层和以蓄热管形成的深层土壤温度层之间具有一个过渡层,和其它层不一样,

这个过渡层的温度是不随时间变化的; 以 SA S软件拟合的非线性方程为基础的土壤温度场的数学模型的模拟结果与实验
结果吻合较好; 选用差分法计算的土壤热扩散率精确度高,符合实验及生产实际要求; 由温室热平衡方程确定的太阳能集
热器面积与温室种植面积的优化比例为 1∶5,经试验验证,在目前技术状态下,该比例能满足作物冬季生长对土壤温度的
要求。总之,研究的太阳能蓄热系统实现了太阳能夏天贮冬天用、日间贮夜间用、晴天贮阴天用的目的,从而在不消耗任何
二次能源的条件下,能满足温室作物的正常生长要求。
关键词: 温室; 太阳能; 土壤加温; 数学模拟
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