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Abstract: T he therm al characterist ics of heat sto rage and release of the gravel layer used in the so lar co llecto r in w in ter

w ere analyzed. A ir from the so lar co llecto r w as expected to circu late th rough the gravel layer natu rally w ithou t o ther

energy consump tion. T he gravel layer consisted of river gravels w ith diam eter from 50 mm to 100 mm. T he temperatu re of

the so lar co llecto r, gravel layer and cem en t mo rtar su rface w ere m easu red respect ively to analyze therm al characterist ics of

heat sto rage du ring daytim e and heat release at n igh t in the gravel layer. T he ho rizon tal and vert ical heat characterist ics of

the gravel layer and cem en t mo rtar su rface w ere analyzed. R esu lts of the therm al characterist ics of the gravel layer in the

so lar co llecto r can be used as basic data fo r the therm al analysis of gravel layer.
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0　 In troduction

　 R ecen t ly, fo r decreasing a fo ssil fuel u se and

environm en ta l po llu t ion, a ll coun tries are look ing fo r

o ther energy resou rces w h ich can be app lied to new

arch itectu res.

　T here are na tu ra l energy (so la r energy, geo therm al

energy, b iom ass etc. ) , w aste resou rce energy (chaff,

w aste w ood, w aste t ire, w aste o il, com bu st ib le t rash

etc. ) and w aste indu stry hea t tha t can be u sed fo r

reduct ion of fo ssil energy con sum p tion. Con sidering

resou rces, investm en t, environm en ta l im pact and

econom ic perfo rm ance, the m ethod of hea t sto rage of

so la r energy is the m o st desirab le[ 1- 5 ].

　 Sen sib le hea t m ateria ls such as w ater, stone
(gravel ) and air a re u sed fo r so la r hea t sto rage.

R esearch m ateria ls fo r the hea t sto rage a t low

tem pera tu re can be found easily, bu t the research

m ateria ls abou t sto ring the hea t of h igh tem pera tu re

u sing the so lar co llecto r are lim ited. T herefo re, river

gravels w h ich are safe and econom ica l in u se w ere u sed

in th is study.

　 T he pu rpo se of th is study is to app ly the so lar

co llecto r and the gravel fo r floo r hea t ing of a so lar

hou se, based on analyzing past m eteo ro log ica l da ta,

and m easu ring the so lar rad ia t ion am oun t,

tem pera tu re in the gravel layer and the su rface

tem pera tu re of cem en t m o rta r, as w ell as ana lyzing

the therm al characterist ics of hea t sto rage and hea t

release in the gravel layer du ring dayt im e and

n igh t t im e.

1　M echan ism of hea t storage and hea t relea se
of the gravel layer

　 Sen sib le hea t sto rage is based on tem pera tu re

d ifference and hea t capacity of m ateria ls. T he hea t

exchanges are exp ressed by fo rm u la (1) and fo rm u la
(2).

Q s = m∫
T 2

T 1

C p d t (1)

Q s = V∫
T 2

T 1

Θp d t (2)

W here　Q s is the hea t capacity, M J; m is the m ass of

hea t sto rage m ateria l, kg; V is the vo lum e, m 3; C p is

the specif ic hea t of the m ateria l, M J ö(kg·℃) ; T 1 is

the in it ia l tem pera tu re of hea t sto rage, ℃; T 2 is the

fina l tem pera tu re of hea t sto rage, ℃; Θis the den sity

of the m ateria l, kgöm 3; t is the tem pera tu re a t any

t im e.

　 T herefo re, hea t capacity per un it vo lum e of

m ateria ls is,

qs =∫
T 2

T 1

C p d t (3)

W here 　 qs is the hea t capacity per un it vo lum e,
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M J öm 3.

2　M a ter ia ls and m ethods for exper im en t

2. 1　M a ter ia ls and the equ ipm en t for exper im en t
2. 1. 1　So lar co llecto r
　T he so lar co llecto r u sed w as bough t from Shenyang

m arket. T ab le 1 show s its perfo rm ance.

Table 1　Character istics of the solar collector

T ype of
vacuum tube

Standard of
vacuum tube
ömm×mm

Capacity of
heat tank

öL

N um ber of
vacuum tubes

A zul D 47×1500 157 28

2. 1. 2　Gravel
　Gravel u sed as the hea t sto rage m ateria l w as p icked

in the H un R iver situa ted in Shenyang city. A nd the
d iam eter of the gravel ranges from 50 mm to 100 mm.

2. 1. 3　P ipe fo r connect ion
　M ateria l w h ich connected so lar co llecto r and the

gravel layer w as a PV C tube. T he ou ter d iam eter of
the p ipe is 110 mm , and the w all th ickness is 3. 2 mm.

2. 1. 4　H eat ing in su la t ion panel
　H eat in su la t ion m ateria l w h ich enclo sed the gravel
layer w as po lystyrene panel. Bo th sides of the

po lystyrene panel w ere steel p la te. T he th ickness of

the panel w as 100 mm. T ab le 2 exp resses the

characterist ics of the m ateria l.

Table 2　Character istics of hea ting in sula tion panel

M ass
ökg·m - 2

E lectric heat coefficien t
K öW õ (m 2õ K)

Soundp roofing
R ödB

11. 93 0. 330 23. 0

2. 2　M ethods for exper im en t
　T he gravel layer and the hea t tank w ere linked by
PV C p ipe to sto re hea t of h igh tem pera tu re from the

so lar co llecto rs. T he gravel layer, w h ich can sto re

m uch hea t as show n in figu re 1, f igu re 2 and figu re 3,

has been w rapped by all hea t ing in su la t ion panel

excep t the upper part. T he upper part w as con structed

w ith the sand th ickness of 10 mm and the cem en t

m o rta r th ickness of 30 mm on the gravel layer so tha t
the sto red hea t can be em it ted. F igu re 1 show s the

p lane view of the gravel layer. F igu re 2 show s the side

view. F igrue 3 show s the po sit ion s of sen so rs

m easu ring the tem pera tu re. So lar rad ia t ion data

du ring the experim en ta l period w ere from Shenyang

M eteo ro log ica l O b serva to ry.

3　Results and ana lys is

3. 1　Physica l character ist ics of gravel[10, 11 ]

F ig. 1　P lane view of the gravel layer

F ig. 2　Side view of the gravel layer

F ig. 3　Senso r po sit ions of temperatu re

m easu ring po in ts

　T he den sity of the gravel u sed in the study as show n
in T ab le 3 w as 2. 75 kgöcm 3. T he po ro sity of the

gravel layer w as 45. 7%. T he bu lk den sity of the

gravel w as 1438 kgöm 3. T ab le 3 show s its physica l

characterist ics of the gravel w h ich con st itu te the
gravel layer. F igu re 4 show s the grad ing cu rve of the

gravel.

Table 3　Physica l character istics of gravel

D ensity
ökg·cm - 3

Po ro sity
ö%

Size of
gravelömm

Bulk density
ökg·m - 3

F ineness
modulus

2. 75 45. 7 53～ 100 1438 2. 58
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F ig. 4　Grading cu rve of the gravel

3. 2　Exper im en ta l results
　T he tem pera tu res of 1 po in t in the in terna l cen ter of
the hea t tank, 8 po in ts in the gravel layer, 3 po in ts on
upper su rface of the cem en t m o rta r, 1 po in t ou tdoo r
and 1 po in t indoo r w ere m easu red sim u ltaneou sly to

ana lyze the therm al characterist ics of the gravel layer
du ring dayt im e and n igh t t im e. T ab le 4 show s the
experim en ta l resu lt of each po in t du ring the

experim en ta l period.

Table 4　M ax im um tem pera ture and m in im um

tem pera ture a t m easur ing po in ts3

M axim um
T emperatureö℃ T im e

M inim um
T emperatureö℃ T im e

H T 48. 6 14: 26 - 2. 7 06: 51

OD 1. 4 13: 22 - 15. 9 06: 21

GE1 37. 2 14: 52 10. 3 07: 21

GE2 22. 4 14: 52 12. 7 07: 21

GE3 16. 4 16: 22 11. 2 07: 22

GM 2 19. 2 16: 22 12. 6 07: 21

GM 3 18. 4 15: 52 11. 8 07: 21

GW 1 18. 0 16: 22 8. 1 07: 21

GW 2 19. 0 16: 22 10. 9 07: 21

GW 3 19. 5 15: 52 10. 3 07: 21

IM 2 33. 0 13: 22 11. 0 06: 51

FM 2 17. 6 15: 52 12. 3 07: 21

　3 A verage temperature from the 25th to the 26th, February.

　T he t im e of the m ax im um tem pera tu re of each po in t
as g iven in T ab le 4 w as betw een 1: 00 PM and 5: 00

PM and the m ax im um tem pera tu res of the hea t tank
and the ou tdoo r w ere 48. 6℃ and 1. 4℃, respect ively.

A nd the m ax im um tem pera tu res of 8 po in ts in the
gravel layer and 3 po in ts on the cem en t m o rta r su rface
w ere from 16 ℃to 37 ℃ and 33. 0℃, respect ively.
　T he t im e of the m in im um tem pera tu re w as betw een
6: 00 AM and 7: 21 AM. T he m in im um tem pera tu res
of the hea t tank and the ou tdoo r w ere - 2. 7℃, and
- 15. 9℃, respect ively. A nd the m in im um

tem pera tu res of the 8 po in ts in the gravel layer and 3

po in ts on the cem en t m o rta r su rface w ere from 8. 1℃
to 12. 7℃ and 11. 0℃, respect ively.
　 Becau se the arriva l t im e of the m ax im um
tem pera tu re in the gravel layer w as la ter than tha t of

ou tdoo r and the coo ling speed of the gravel layer w as
slow er than tha t of ou tdoo r, the sto red hea t in the

gravel layer in dayt im e w as w o rth u sing a t n igh t.

A lso , becau se the arriva l t im e of the m in im um
tem pera tu re in the gravel layer w as abou t 1 hou r la ter

than tha t of ou tdoo r, th is t im e lag w as w o rth u t ilizing

to design a hea t ing system fo r in terio r tem pera tu re

est im at ion.
3. 3　Changes of outdoor a ir tem pera ture and hea t
tank tem pera ture
　To analyze the change of ou tdoo r a ir tem pera tu re

and hea t tank tem pera tu re w ith t im e passing, ou tdoo r
a ir tem pera tu re and in terna l tem pera tu re of the hea t

tank w ere m easu red, respect ively. A s show n in

figu re 5, the changes of the ou tdoo r a ir tem pera tu re
and in terna l tem pera tu re of the hea t tank had a sim ila r

inclina t ion du ring dayt im e and n igh t t im e. Bu t, the

change of in terna l tem pera tu re of hea t tank du ring

dayt im e and n igh t t im e w as grea ter than tha t ou tdoo r.

Specia lly, in terna l tem pera tu re of the hea t tank fell

dow n to 2. 7℃ a t daw n. Becau se the therm al capacity

of a ir u sed as hea t t ran sfer m edium w as sm all, the

in terna l tem pera tu re change of hea t tank w as grea t.

A s show n in figu re 5, the m ax im um tem pera tu re of

hea t tank w as 48. 6℃ a t abou t 2: 00 PM and the

m ax im um tem pera tu re of the ou tdoo r w as 1. 4℃ a t

abou t 1: 00 PM. A lso, the m in im um tem pera tu re of
the hea t tank w as 15. 9℃ a t 6: 21 AM and the

m in im um tem pera tu re of ou tdoo rs w as - 2. 7℃ a t 6:

51 AM. T he t im e in terva l betw een the ou tdoo r a ir
m ax im um tem pera tu re and the in terna l m ax im um

tem pera tu re of the hea t tank w as abou t 1 hou r. In

case of u sing the so lar co llecto r of a ir circu la t ion, the

tem pera tu re of the hea t co llect ion w ith so lar co llecto r
cam e up to abou t 47℃ acco rd ing to experim en t

resu lts. If the op t im um tem pera tu re indoo r is

po stu la ted by 16℃, the hea t sto rage in the gravel

layer from 9: 00 AM to 7: 00 PM can be u sed. T he
influence of tem pera tu re

change in the hea t tank on ou tdoo r a ir tem pera tu re

F ig. 5　Changes of ou tdoo r air temperatu re

and heat tank temperatu re

821 农业工程学报 2005年　

© 1995-2006 Tsinghua Tongfang Optical Disc Co., Ltd.   All rights reserved.



change w as no t sign if ican t in the dayt im e, bu t the
influence of in terna l tem pera tu re change of the hea t

tank on ou tdoo r a ir tem pera tu re w as sign if ican t a t

n igh t. F igu re 5 show s the tem pera tu re changes of
ou tdoo rs and the hea t tank in side w ith t im e passing.
3. 4　Tem pera ture changes of gravel layer
　 T he tem pera tu re change of the gravel layer w as

rela t ively sm all and stab le du ring dayt im e and
n igh t t im e. A s show n in figu re 6, the tem pera tu re

change of the hea t tank w as sign if ican t du ring dayt im e

and n igh t t im e, bu t the tem pera tu re change of the

gravel layer w as sm aller than tha t of hea t tank. A lso ,

the tem pera tu re changes of the gravel layer can be

seen as sen sit ive reflect ion in tem pera tu re change of

ou tdoo r a t n igh t. T he m ax im um tem pera tu re of the
gravel layer w as on average 21. 3℃ betw een 2: 00 PM

and 4: 00 PM , and the m in im um tem pera tu re w as on

average 11. 0℃ betw een 7: 00 AM and 8: 00 AM. T he

hea t sto rage period of the gravel layer w as abou t 9

hou rs (betw een 7: 00 AM and 4: 00 PM ) , and the hea t

release period of the gravel layer w as abou t 15 hou rs
(betw een 4: 00 PM and 7: 00 AM nex t day ). T he

tem pera tu re rising ra te of the gravel layer w as 1. 26℃
per hou r and the descending ra te w as 0. 48℃ per

hou r. T he tem pera tu re rising ra te w as grea ter than

tha t of the descending ra te.

　 T hu s, becau se the tem pera tu re changes of the
gravel layer in the dayt im e w as grea ter than tha t a t

n igh t, the p ract ica l u se of hou se hea t ing system w h ich

u ses gravels and so lar co llecto rs m ay be regu lar.

F igu re 6 show s the tem pera tu re change of the gravel

layer w ith t im e passing.

F ig. 6　T emperatu re changes of ou tdoo r

air and gravel layer

3. 5　Tem pera ture changes of hea t tank, in let and
outlet of gravel layer
　T he tem pera tu re changes of the in let and ou t let in

the gravel layer w ere sim ila r to the in terna l

tem pera tu re change of the hea t tank. T he tem pera tu re

change of the gravel layer in let w as grea ter than tha t

of ou t let of the gravel layer, and it appeared sim ila r to
the in side of the hea t tank. A s show n in figu re 7, the

tem pera tu re rising ra te of the gravel layer in let w as
4. 18℃ per hou r in the dayt im e, and the tem pera tu re
descending ra te of the gravel layer ou t let w as 2. 28℃
per hou r. In the dayt im e, becau se the tem pera tu re

d ifference betw een the in let and ou t let of the gravel

layer ex isted con t inuou sly, the na tu ra l circu la t ion of
a ir w as po ssib le w ithou t o ther energy con sum p tion in

the gravel layer in side. T he tem pera tu re rising period

of the gravel layer w as abou t 9 hou rs from 7: 00 AM

to 4: 00 PM and the tem pera tu re descending period
w as abou t 15 hou rs from 4: 00 PM to 7: 00 AM nex t

day. Becau se the ou t let in the gravel layer w as

situa ted in the farthest p lace from the so lar co llecto r,

the tem pera tu re change of ou t let in the gravel layer

w as sm aller than tha t of the in let of gravel layer

cau sed by the ou tdoo r a ir tem pera tu re and the hea t

lo ss of the so lar co llecto r. F igu re 7 show s the
tem pera tu re change of hea t tank, in let and ou t let of

the gravel layer, respect ively.

F ig. 7　T emperatu re changes of in let and

ou tlet of gravel layer and heat tank

3. 6　Vertica l tem pera ture changes of gravel layer and

cem en t m ortar surface in hea t storage elem en t
　To analyze the vert ica l tem pera tu re change of the

hea t sto rage elem en t, the tem pera tu res of the gravel

layer and the cem en t m o rta r su rface w ere m easu red.

T he tem pera tu re change of the gravel layer and the

upper tem pera tu re of the cem en t m o rta r w ere a lm o st

sim ila r. Becau se the so lar co llecto r w as u sed as hea t

co llect ion fo r h igh tem pera tu re un like the typ ica l so la r

hea t co llect ion, the tem pera tu re changes of the gravel

layer and the cem en t m o rta r su rface du ring dayt im e

w ere grea ter than tho se a t n igh t. A s show n in figu re
8, the su rface tem pera tu re of the cem en t m o rta r w here

the cem en t m o rta r and the indoo r w ere in con tact w as

no t grea ter than tha t of the gravel layer. D u ring

dayt im e and n igh t t im e, becau se the su rface

tem pera tu re of the cem en t m o rta r w as low er than tha t
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of the gravel layer, the hea t of gravel layer can be
delivered to indoo r w ithou t addit iona l energy

con sum p tion. F igu re 8 show s the vert ica l tem pera tu re

changes of the hea t sto rage elem en t.

F ig. 8　V ertical temperatu re changes of

heat sto rage elem en t

3. 7　Hor izon ta l tem pera ture changes of hea t storage
gravel layer
　To analyze the ho rizon ta l tem pera tu re d ist ribu t ion

of the hea t sto rage elem en t, the tem pera tu res of the

gravel layer and the upper su rface of the cem en t

m o rta r w h ich con st itu tes the hea t sto rage elem en t

w ere m easu red. T he tem pera tu re changes of 8 po in ts

in the gravel layer w ere in sim ila r inclina t ion w ith

t im e. W hen the po sit ion s of the in let and ou t let in the

gravel layer are on a stra igh t line, the tem pera tu res of

E1, M 2 and W 3 loca ted on the stra igh t line o r loca ted

around the stra igh t line w ere clo se som ew hat o r w ere

h igher than tho se of o ther po in ts. T he tem pera tu res of

E3 and W 1 situa ted on the stra igh t line and the one

faraw ay p lace w ere rela t ively low. Specia lly, the

reason tha t the tem pera tu re of W 1 is low is a

con struct ion cau se w here the ou t let p ipe of the gravel

layer w as linked to ou tdoo r. F igu re 9 show s the

ho rizon ta l tem pera tu re changes of the hea t sto rage

elem en t w ith t im e passing.

4　Conclusion s

　 T he therm al characterist ics of the gravel layer

w h ich u ses the so lar co llecto r and the gravel w ere

ana lyzed, the resu lts a re as fo llow s:

　1) T he tem pera tu re of the hea t sto rage elem en t w ith

the so lar co llecto r increased by 1. 26℃ per hou r, and

decreased by 0. 48℃ per hou r. T he inner tem pera tu re

of the so lar co llecto r w as 47℃.

　2) T he t im e of hea t sto rage and hea t release fo r the

sto rage elem en t w as 9 hou rs (from 7: 00 AM to 4: 00

PM ) , and 15 hou rs (from 4: 00 PM to 7: 00 AM nex t

day) respect ively.

　3) W hen the m in im um tem pera tu re of ou tdoo r a ir

F ig. 9　Ho rizon tal temperatu re changes

of heat sto rage elem en t

w as - 15. 9℃ a t 6: 21 AM , the m in im um tem pera tu re

of the hea t tank w as - 4. 7℃ a t 6: 51 A. M. Becau se
there w ere a lo t of hea t lo sses by hea t t ran sfer in the

so lar co llecto r, hea t sto rage of the so lar co llecto r is

needed w hen comm on so lar co llecto rs are u sed.

　4) Becau se the tem pera tu re d ifferences betw een the

hea t co llect ion elem en t and hea t sto rage elem en t,

betw een the gravel layer in let and ou t let, and betw een

the hea t sto rage elem en t and u sing elem en t w ere
sign if ican t in th is study, the na tu ra l circu la t ion of a ir

fo r hea t ing w as po ssib le w ithou t o ther energy

con sum p tion.
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太阳能集热器的热流气体对砾石的蓄放热特性研究

张文基1, 2

(1. 沈阳农业大学工程学院,沈阳 110161;　2. 韩国忠北大学农业生命环境学院,清州 361763)

摘　要:太阳能的蓄放热特性的研究对清洁能源太阳能的开发和利用具有重要意义。该文利用冬季太阳能集热器的热流气体,对砾石
的蓄放热特性进行了研究。以居民居住的标准房间 (4 m×2. 7 m )为依据进行了模拟;利用太阳能集热器的热能与直径为 50～ 100 mm

的砾石铺设成 150 mm 厚度的地下蓄热系统进行蓄热和放热试验,研究昼夜之间室内砾石的蓄热和放热特性;通过测试太阳能集热器
的内部温度、砾石层内部及室内地表面的温度,研究了太阳能集热器的蓄热效率和转换效率,同时分析了蓄热层及室内地表面的热传
递特性;为进一步开拓针对冬季寒冷地区太阳能蓄热型居民建筑物内部热环境方面的基础研究提供了科学的依据。
关键词: 太阳能集热器; 砾石层; 蓄热; 放热; 热流气体自然循环
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