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Study on Porous Structural Parameters of Packed Bed of Integrated
Photothermal Receiver-storage System

LI Xiu-xiu', YANG Song' ,WANG Jun' ,HUANG Da’,
(1. Key Laboratory of Solar Energy Science and Technology in Jiangsu Province ,Southeast University , Nanjing, China,
Post Code ;210096 ; 2. Jiangsu Huayang Solar Energy Co. ,Lid. , Yangzhou, China, Post Code;225127)

Abstract: In order to provide theoretical support for the construction of the integrated photothermal re-
ceiver-storage system based on the secondary reflection type spotlight thermal collecting system, the nu-
merical simulation and parametric analysis study for the integrated photothermal receiver-storage system
with circulating fan were carried out. According to the energy conservation equation, the one-dimensional
two-phase transient heat transfer mode of the rock-packed bed was established to simulate the one-month
heat storage and release processes by using the MATLAB software. The heat storage and release efficien-
cies, absorption efficiency, solar-to-exergy conversion ratio and average outlet air temperature were select-
ed as the thermal performance evaluation indexes of the system,so that the influence of rock particle di-
ameter and porosity on the system thermal performance was analyzed. The results show that the system
reaches a stable operating state after the completion of 30 cycles. The change of rock particle diameter has

little effect on the system thermal performance,when the particle diameter increases from 0. 03 m to 0. 05
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m, the porosity ,heat storage and release efficiencies and solar-to-exergy conversion ratio all decrease within

the range of 1.6% ,and the average outlet air temperature decreases from 1 120 K to 1 100 K. The change of

rock porosity has great influence on the system thermal performance ,the porosity decreases from 0.8 to 0.4,

the heat storage efficiency increases from 96% to 98. 8% ,the heat release efficiency decreases from 97. 9%

to 92.7% ,but the absorption efficiency and the solar-to-exergy conversion ratio change within the range of

0.9% ,and the average outlet air temperature decreases from 1 131 K to 1 122 K.

Key words: secondary reflection type,packed bed,thermal performance,efficiency ,outlet air temperature

5l

il

U R BOLER ARG AT E H S K
St F R BEYCE PR S A R A R LT IR
FRIE P A e iR o R R B AR G i T
PABEAG SR B 25 OB T, AT Ak T SR AR A A9 3R
TERLED, AR T ARG T R G AS
Fl 20 {42 70 FFAR R ST AR ERR LS
P, & E TR R B WEE FISE B L4 [
BRI REAT T BT T,

A R G VA, 5 o R T e
i S B[] e O AR R AR R G i 2R B, B AR
it R 48 FI A AZ 0 25 8 & O — 1. Matsubara %5
AR T U 2 A R ks e AR s 4
B, 3B IR B L DA T X B % B X
(TR RS , CH A BB T, Kiwan
5 N1 R R 4 AR T A K B A L B 4
B MEER R R - ZRA S, TR T ARIES L
b - LR XA RE R . A K
JERBINES 5 G A B IR S &, A SO 3
A, A OB R AR A T, SR PG BRI LA S S 78 IR
PRAE A, SB R G RBR T .

AL LA A 6 BB RUHIL A O 24 % AR 4 G T
Fo O R RERE , BT R SR T, BRI
PR At #4346 7F 6 A R W SR T A K B AR
SR A AR R G AT R A A R T SR
W FE R, HAETH )2 B R OR R ST B ST, JFar 45 78
BT AR, B, 7 0 IR FE R T 40 T
SRR, W ARG THR RS

A T RAERGERPERE TN S8, T
MATLAB 3{4F & , B BUE S P iE R & A
YR LA AL BRI G AR it 72 B8 BV RE RS

1 HETESH

1.1 s

P 1 3T i RO =K B BE 3R 40 B LR fif
RGNS AR R, WA R G IR
SHESEIET J7, R A TR T R i R A AR R
LA TR ZK P26 R0 43, T LA b ok I R4 e s, i B
H 1.5 mg JEAERIBCRS A — B fL, &
T H AT R E A (CPC) |, [R] A il A il 4 I
FLAOFLEE  HERA 2245 R, 4 0.447 m, $hIELLTF
HEABFER, S8 H, 8 m B R, A2 m, RN
PEERIRAL M, A Hy A 1 me B8 8 BE dil 35 42 K RT3t
ZEARNCHR, IR AR BE RO T 4 X RREY F R E
(B R BRa) , Db S BN, A
EC 30 PRI BB RN R RBIL M, A 1122 8 YA, LA i/
[]— 7K Y T A B AN 1 504

PAZS SO R, B A R A IR, A A
FEAEEERKE OSSO KA R A
WER AT o IR BE Al 0,-Si0, I 7 B 55 40
B, BJREE LY 0.7 m, BAMNE IRA RS £ 600
BT 2% 5 I 7T PR 4% BE ph DR IR R BE A, B
JERE L, 1.82 m, BIETIREXN GG REMNESR
Yot Z B f e, 28 50 4 =X 7E SCHlk [10] i 4
A

BEATI AN 30 IRAGER, 1 IRIGFH R 1 R, —
WAGIRA , AR E SR 8 h, B[] 2 16 h, JAL
HL M, TERE T BBy BT R R R 0. 4 ke/s, BRI
By B 0y 0.2 ke/s AHER ML M, 7EfE B
BB i N 2. 4 ke/s,

— R SR AR IR It 2 o A P BRI R A B 2
I, B ATEIR (8 h) HEATREA, (4 (16 h) BEAT
A

it AR B« AR IO A g 2 e R TG HAT , RUAL



- 120 - #

BE 3 h T &

2021 &

M, HHRFR AL M, FF IR o KFRDEZ 4l 2 H 8ik
TIRBUH AR, 225 CPC SRR A YL AR
SECFE PR TOURT I AL A B 8 S i R, 25 RS TR e
I BT PERAG PR, R PR 18] T 4 18 I PR FE IR
IR e A B HFE PRI TR KL M,
EFE IR A A2 SORWI Y, 76 PR IR 6 e, ST
PRI B ST AT AL AT A R e W)

=
ER W

i

Af, G ERRUBIL M, DA H Al H 843 28 Sk R, LA
e AR 7 PR T I

T AR BE - I PR HR S T AL 2 £ 14T , SC PTG
FRRML M, , A & 2 SO T R, KUAL
M, LS T 1) W S 00 2 Rk A TR IR, SR B IR
2 SAEFE R PN Ak 1R 2 R, 38 HE YA Y )
B ORH .

B ERmiEREE

Fig. 1 Diagram of the integrated photothermal receiver-storage system

1.2 #EpiRsl

BERSCIAIR A R G , S — LR WA P, B
AW 5% A A S FE IR 1) 1 R R () i S an
(1) i i PR il Jo= Rt Sl — 4 5 (2) BFE RN 25 i
sl R FEMR AL , B2 SO R R AE T T R M1
fal R TSR R AT H 5 (3) 220 SF0 S PR A [ 3 BE AR Ak 5
(4) 72 AT B IR A W B0 T A0 5 (5) A
PR A I S 7 o A e W IR S e B A 5 (6) B
ATRERHEE Ry 5 TR 1, B 3R TR0 440 DR I i A3k
1.2.1 jEfdalds

(1) B, Bl FRERIBLLBERY
(MCRT) 3K 45 I A 1 2 THT =2 J4) 140 £ 3R B8O B
XtHE A Y A 2 TR AT RS S 4, IR A% B
N

N = NN, + NN, (1)
b RN R IR N, Bl N FUE RN A
B s E R 50,20 F120,

WA R A A REOERE F 2 — 1 NxN i —

A, R A AT B IR 22 T P 11 ZR 5O

F.; = N/N, (2)
i A —REAR AR RS @ A ANES AP
Fy 55 i AP j A A 9 8 R 2

28 3o A T ARG HEE Y SR R S R
BHCL x10°,

(2) PR R A AN WA HE 0., 455
FHT A R SR R R g, R F SR
ZE R AR I L g, T RRALA :

N N

Z (Si‘j - (1 - Ej)F,i,j) qznl = Qinej — Z (‘Si,;‘ -

F.))oT; (3)
Hf: B, —5 j RS R B3 T—55 j A~ P& 1Y
WREE K gy, F1 g, —55 7 4~ AR A B % 5 45 FE
RS, W/m®  o—35 R 35 B H 4L, 5. 670 4 x
107" W/ (m® « K*) 38, — % Wik 4L, X i f1j
1F R

1,i =

5, = { (4)
0,i #j



5512

FFETF O R G R 2 LA SR 5E - 121 -

(3) fla, 54 BRI G TR B e
SRR q, TR, BEAIE R R, (T)
VR R R g, WA R AR B g, A RIR
R = 2R s

q,(T) = AT + BT* + CT + D (5)
AA=-1.246 x107°;B=0.0148;C = —7.434;
D =3.572 x 10" ; T— s (R e e 3 IR SRR, B8 A
T AR R A 55— 2 AR K
1.2.2 HAERK

(1) B TRESSFIE TR, /A% A A s St
SE—HE ZRABUE RA fE RAEAY

A

a((1 - 2)p,c, 1) _ Bk “a_n) +h (T -T,)

ot dz° 7 oz
(6)
25
3(epec,iT;) N a(c,cam,T;) = (T, - T +
ot 0z
kC(T. - T) (7)

KP:e—AAMILRE p—A A MEE, keg/m’;
¢, —HEAHI L E EAE, 1/ (kg - K) sk, — 3T R
AR FREE W/ (m - K) s h,— 3 AR AL 3
ZHLW/ (- K) sp— 2SI kg/m’ e, —25
SR RS0/ (kg - K) 3 m —28 SRR,
ke/s 3 a— 3L FE PR A0 T TR AR A B0 0, m 7 5 b, — R
MR R RS, W' - K); C,—L % M,
m’/m’ 3T, —FRBEIRE , PE K 293 K; FAR fs—2K,
.

M F 2R SE e Rk P B Bk B B Rk A, Bl
SR T Kunii 22 022 1 A RS
ARSI AR, I8 T 2 S A A W SR
PR 4G 2SO 23 SR AT A 3 b, BN (R R
1) [ 2 T ) SRR B s

h,.d B(1 - g)
SO LS s 117
o "k

(8)
AP d—a A BR AR, m;8=0.9,

i i Alanis %5 A"l Coutier %5 A $82 H A9
[l A R L A AR R AR

h, =1 (am/d)'" (9)
K24 Re <50 BF, 1, =700,1, =0.76;>4 50 <Re <
400,1, =824,1,=0.92,

HIFE PR AR BE 1Y S5 R B TR R (&)
B P RE 2 [R] AR BEL A 352 AR BH A 0 B 1818, 1
S wo

1 i f. B
kE =1/(—+R —In & 10
! (kim 2; k; r_,' ) ( )

Ak, —HUER G ML) 5 N AR 2 ] Y S A4
FRHC, 3B AR A X R e, AR A
WAt - SRR A, A

lkin_ﬂs = hc.w + hr—c,w (]1)
k
h., = E‘"D. 22 (Re-Pr)'"” + 0.117Re*” -
PI_Z/S} (12)
k i1
hr_'_ - — e (13)
. R,In R,
2 B d2

A kg HRABAE T T 520(8) MBI E R A,

(2) WA A WA IR EE A 298 K,

R BT B A A« A A EE AR 9 E A
BAAEL T, =f_1[hf,u +6hf(t7> G,z = Hy)
- d q,,/dz 3 I 1 R 4a Gl B4

TR Bt B 25 40 « A S SR IR B h B 454
A A R

] 2 A I (AR U AR A 2 5 JEL T A AR K ok
P, AR AR A S R A BE g, (T) 1R B SE AR AR
BTE AT B R B L 551 (2 = 0) , NHETE
AL A A 1 2 S AR AL 1T 5 28 R AR iy 23 <R
B M L 7S R AT U AE i AR B B % 1 BE 0 R 4R 1
(2=0),

e s [e] b S RRE X ok B, A 2S B) B
TR B TR B e G T RS TG S SR A
it (] 8 PGS , £ 4% 0. 066 m ydpc AR #& a1, i
BT B 0. 01 s FECHFT B 0. 02 s A4 B[]
P

]’qv =



- 122 - ®ow s h TR 2021 4
Iy R T, — T — VAR oA B U LT R
q, 8 [ AR IR, K

Epne. $ ot 3 HCHY Bt 75 R
IS i i T MK ta (o |

LS T i = [ L ()

R B A ——

FRBERL 30 57 2 A ity RELBLT:

HEBFERK

B2 BRERU=SERSHTRERNES
Fig. 2 Joint operation of cavity receiver model

and packed bed model

(3) ARG PEREZ BT TP E I
HERGEE " o ASTRUIOTE 3 R R T AR (9 5 4 2
BN SH, (A 20 fUTS 12 MATLAB - 15 4L
TZARG A H AL, BRI 1,
10,20 71 30 YA 25 H ik BB BRI AR B BE A9 3 TS
AR E 4347 , 55 Zanganeh 5 A" 75 £ 5 5 5 i )
RRAUBR A X L, Sl R W) 2 8k

2 REERMERERITMN IR

PSRRI BRI o, OB my,, KCPH
fE — ML L &, FUICHR B B i P24 4 11 28 <l

T, FAE AN TR S (PR

RO RAE— YK 52 R R o ) A Bl
B E TR

(o + Qi + Qran + Qo + Q) /(Qy + Q)
=1 (14)
K Q, B B2 SRR T Qo — K
S BEUE 73 SR L T Qo — BT 70 P 28 RS 2
B, ) Q— AL, 15 Q0 —— IR SERE I A 2F
LEHR TR AR B OB, 15 Q. — A B HTE IR
TS S AT,

AR BT R THRS1 A AR

0w = [ mhig.d
A B A PR A2 M SRR

t. rHa 5
Ot«! = JO fO TFRZ(l - ‘c")p:‘c[‘s(Ts - Tﬁ,pre)dzdt

(15)

(16)

?dﬂ]t)/('fmn < TICSP) (18)
f

Qu. = (f; J:Z

Ao, , 0, —— RGN i BRI ], 85 T,
T, 2SO F OREE, K dp— R Z R HE S
T I Ergun F78 7 Payn,,— Rl K FAAER
U R B0, 23 5, — UHLALER B 0. 95,
N = Qu/( Qe * 1)
A 0, — AGtiEStE, HU429.8 kW,
% BRI , AR
N = Qu/(Qu + Q)
B R X HLED , R
Na = Quoun’(Qy + Qpna) (21)
2 R IAHLAR D , A2 B I R PR 4 5 A 0L R
FHE — M 6 o SR s B I B Ot L e R 25 < 5
Tt B B A T e 5 XU LA A8 ) B
& = By (04 vty +00,) (22)
o B B L i e R S SR A Y B
it th 23 S A R 5 B R i LR ) TR
VAT AT A3 B R PRAE R s BRI L A 755 T A T ek
FE IR AR IR B TR T

td Tow | i
E(I,nul = J.(] J’Tin deP,]—(l =z Tnul )det

KA, T —BEABT B ry 122 SORBE L K
BT B -4 2 SR

dp
dz

(19)

(20)

(23)

-

}

f‘nul,f = J’(: Tnul_[d't/i’d ( 24 )

3 ERESW

3.1 EAMKNEZRIMESHMEEERNZIT
Bl 3 HFLIRER 0. 342, ARk R T &5 4%
PR IACE BE G PR OB A8 1k . BURE B AR )N,



5512

FFETF O R G R 2 LA SR 5E 123 =

30 WKAG 45 UG B AR, BT R e B
AN BRI AR K 0. 03 m W, A HAECRAE 30 KT
SRR 98. 7% , A7 LB T 55 | IRAE3H 45 0, il
PHCET REER 1. 1% ; BR HEHE N 0.05 m
I, A AR 30 T ALS SR IE h 98. 5% , M L4k
T 1 IRER, (R T REBUE R 1.3% o R
B R ARG PR R B I i 3 UL B AR AR R, AR
K, ANEPR AR T, 55 29 IRIGFRESHRE W
TR L, 30 YRAGFRES TS5 AR R 28 1 fin i
{XHE 0. 2% LA, ATIAK 30 YRAE 345 3 ) TR fit R 46

100.0
190
995 X
8 180 &
= 990 Vi, 70 ¥
: —o— d=0.030m =
985 |- —p— d=0.035m 60
i} —<— d=0.040 m
—a— d=0.045 m
—0— d=0.050 m 50
98.0 L I I | 1 1

0 5 10 15 20 25 30
T ER UL

3 AEFHERE TRRERANE
Fig. 3 Heat storage and release efficiencies

with different particle diameters

P4 R fLBR 0. 342, R [RBUR AAR T R R
RCRCAR AR FHL B — 4 8 B BB 2 R 284K
B BB ORI N, W MR 50 5 o e {1 e 24 K E AR
SEfE . [Fl— PR BT , UKL BN, W RO 85
o BEFETEPR IS N, K PHRE — KA e L2 i Tt
FRIFIRBIRE R, [/ — TR UCRCT , BUAL LA #UD,
KFREE - e Lol

5 LB 0. 342, 155 30 IR LB H,
ANTRIORE AR T T 28 S R B A s 1] AR A
BERGE R ORI/, M 2 SOR BEREOR,
fIGHE B/, 4 0RLEAZ K 0. 03 m B, SERH 123
SARBEN 1120 K; ORI EAE N 0.05 m i, P-4 iH
M2 SR 1100 K,

95
2.5
90 +
& H
¥ v d=0.030m j;ﬁ:
—— d=0.035m
§ 851 —— d-00d0m |04E
= —8 =045 m &'g
—0— d=0.050m =
80| ¥
0.3
75 ¢ |

0 5| 10 15 20 25 30
(BRI G
B4 FEBRERTRZEWITEMKPDEE - Rk
Fig. 4 Absorption efficiencies and the solar-to-exergy

conversion ratios of system with different particle

diameters
1180
—sg— d=0.030 m
! —>— d=0.035m
1160 L —<— d=0.040 m
“‘ —A— d=0.045 m
1140 .\: —0— d=0.050 m

i O SR E/K

2 4 6 8 10 12 14 16
JHCA I Rl /h
ES5 FARBHEFTHAZESEEHNEL
Fig. 5 Variations of outlet air temperatures with

different particle diameters

3.2 ERIABENRFEAMEENIIT

6 Aok B 45 0.03 m, ARIFLERE T R 406k
AR BER R OB 2R . AR BE TR 2R
YRS TG AR, FLBET 3 8/, 30 IRTEFA 45 4R /Y
IR, H R FRIRBE /N HALBR N 0.4
B, AR TE 30 IRTEFRE5 RS 1 98. 8% , A7 LK
T 1 WARPR AR RO AR, T REEUE N 1% ;
HALBRAR 0. 8 B , it PARCHEAE 30 IKTRIREE T h
96% , AHLLEL T48 1 IRTEIRES R m it AaeR , T R
BN 3. 6% o JHCHR A0 58 I AR 0 W 00 on i 3 o
FLBRE AR, HIAECR R R . AFRALBRT, 55
29 YWARFREE AR BT ARCRAR LL , 30 IRTEEREE A



= 124 woBE @b

1 !

2021 &

TS R 8 B A A 0. 18% LAY, AT 1A h 30 1k
TEALE R G e st Rk B ek &,

100 — 100
99
8 80
[ 5
Lo ¥
= &
bt =
97 60 3=
96
1 | 1 | 1 40
0 5 10 15 20 25 30

([EEIRVE

Eo6 ARIEETRGHEMAUE
Fig. 6 Heat storage and release efficiencies of

system with different porosities

P 7 SR E4% 0. 03 m, RIFFLBRER T R G0
WO AN P BE — 3% 0 G o 08 3 U R0 A2 4k
I I ER U B I, W WAl 256 3 o e {1 o 2 3K B 7R
FEAE, FLER A0/ R R . B 3R RO
e L BT R TRE . Rl CT,
K FARE — M L BEE FL B3R AR R T R

95

W KO3 %%
& =
[
=
A BH AE W 6

(=]
(=]

75

B7 ARIABETREREZEMAMEE - BiGRt
Fig. 7 Absorption efficiencies and solar-to-exergy

conversion ratios of system with different porosities

B 8 UKL 42 0. 03 m, 7E55 30 W AE it 72
AR FLBR ST Y 23 SR BE R R i T B 22 1
HHY I 225 R A R ) % 8 T 1 e AT , LB 4
/I H TS R B R AR R EE /. LB 0. 4
i, 2 i 0 R E O 1122 K, AR B E E N

-72 K, MFLBRER 0.8 B, 3t H 2 SR N
1131 K, B {bIgREE K - 104 K,

1200
1185
1ok
1155
140f
1125
110
1095

Hh 12 SR /K

1080 1 | 1 | | 1 1
0 2 4 6 8 10 12 14 16

JECAR IS ] /h
E8 FEFBMETHOZSEEMETN
Fig. 8 Variations of outlet air temperatures with

different porosities

4 & #®

(1) & W0kL AR AR b 0] 2R 0 A R 52 42
/N PRI ELAE M 0.03 m B 0.05 m, i AR K
AR TR R R K BE B — K 8 L YRR A, P
IR 1.6% LAY, 3 A2 SR B 1120 K
FRKZE 1 100 K,

(2) A LB A 2 bR 7R G0 P Bl R i 4
Ko FLERZM 0.8 2 0.4, i AKOR H 96% HE 2
98. 8% , MR ICRCEIE NN 0. 8% , i IR H 97.9%
K22 92.7% , KIHfE - M LEFE{R 0. 009, -2
D25 AR 1131 K (4 1122 K,

(3) 30 RAEALE R , SR Af R Gt ik 2 e
BAPRAS, HALEREE 0. 342, Uk 1542 0. 03 m B, £
HAEN 9% , BTN 92% , W W R 3 K
T7% , KPHfE — REFE e H oA 0. 52,53 0 25 il
BEH 1120 K.

&2 3k -

[1] SEGAL A,EPSTEIN M. The optics of the solar tower reflector[ J1.
Solar Energy,2000,69. 229 - 241.

[2] VANT H L. Issues with beam-down concepts| J |. Energy Procedia,
2014 ,49 . 257 -264.

[3] YADAV D, BANERJEE R. A review of solar thermochemical

processes | ] |. Renewable and Sustainable Energy Reviews,2016,



5512

FFETF O R G R 2 LA SR 5E

w 125

[4]

[5]

[6]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

54, 497 -532.
HASUIKE H, YOSHIZAWA Y,SUZUKI A, et al. Study on design
of molten salt solar receivers for beam-down solar concentrator| J |.
Solar Energy,2006,80(10) ;1255 — 1262.
KOEPF E,SURESH G A, ALDO S, et al. A novel beam-down,
gravity-fed, solar thermochemical receiver/reactor for direct solid
particle decomposition: design, modeling, and experimentation
[J]. International Journal of Hydrogen Energy,2012,37 (22):
16871 — 16887.
NAKAKURAA M,OHTAKEA M,MATSUBARAB K, et al. Devel-
opment of a receiver evaluation system using 30 kW/th point con-
centration solar simulator [ J |. Energy Procedia, 2015, 69:
497 —505.

LEONARDI E. Detailed analysis of the solar power collected in a
beam-down central rteceiver system [ J]. Solar Energy, 2012, 86
(2): 734 -745.

MATSUBARA K, SAKAIA H, KAZUMAA Y, et al. Numerical
modeling of a two-tower type fluidized receiver for high temperature
solar concentration by a heam-down reflector system [ ] |. Energy
Procedia,2015,69 ; 487 —496.

KIWAN S, SOUD Q. Numerical investigation of sand-basalt heat
storage system for beam-down solar concentrators| J |. Case Studies
in Thermal Engineering,2019,13. 100372.

YANG S,WANG J,LUND P D, et al. High performance integrat-

ed receiver-storage system for concentrating solar power beam-

down system[ J]. Solar Energy,2019,187: 85 - 94,

BRUNO C,TRISTAN R D,JAMES P R, et al. Effect of design pa-

rameters on the exergy efficiency of a utility-scale packed bed

[1]. Journal of Energy Storage,2018,18; 267 —284.

R M AR R A EE S R BT IRE AR &

HAERERFFE [J]. KBHAESHE,2018 ,39(8) 2226 -2233.

LI Meng-jie, QIU Yu, HE Ya-ling. Heat storage performance re-

search of a novel multi-layered packed-bed thermocline tank[ J].

Acta Energiae Solaris Sinica,2018,39(8) . 2226 - 2233,

HEE, 2 W FE SRR R E R R R A

9t [J]. KPHAESR,2015,36(11) ;2610 - 2617.

DONG Hui-hua, PENG Hao, LING Xiang. Study on the thermal

performance of a packed bed molten salt thermocline thermal stor-

age system [ ] ]. Acta Energiae Solaris Sinica,2015,36 (11):

2610 -2617.

FRACR, RN, B S R ORI AR VR G IAEE Y AR

HE [1]. 4L T HER,2018,37(5) 1718 - 1725,

CHENG You-liang, WANG Yue-kun,ZHANG Xia, et al. Heat re-

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

lease characteristics of new solar hybrid heat storage tank[]].
Chemical Industry and Engineering Progress, 2018, 37 (5):
1718 -1725.

ZANGANEH G,PEDRETTI A, ZAVATTONI S, et al. Packed-bed
thermal storage for concentrated solar power-pilot-seale demon-
stration and industrial-scale design [ J]. Solar Energy,2012,86
(10): 3084 —3098.

YANG S, WANG J,LUND P D, et al. Design and performance e-
valuation of a high-temperature cavity receiver for a 2-stage dish
concentrator[ ] | . Solar Energy 2018 ,174:1126 — 1132,
HOWELL R J,MENGUC P M,SIEGEL R. Thermal radiation heat
transfer] M ], CRC Press,2010.

BOREL C C,GERSTL A W S,POWERS J B. The radiosity meth-
od in optical remote sensing of structured 3 — D surfaces[ J]. Re-
mote Sensing of Environment,1991,36(1) ; 13 —44.

YANG S,WANG J,LUND P D,et al. Modelling and performance
evaluation of an integrated receiver-storage for concentrating solar
power beam-down system under heterogeneous radiative condi-
tions[ ] . Solar Energy 2019188, 1264 - 1273.

DAIZO K,] M S. Heat transfer characteristics of porous rocks
[ J]. AICHE Journal ,1960,6 (1) 71 -78.

SAKAE Y, DAIZO K. Studies on effective thermal conductivities
in packed beds[ J]. AICHE Journal,1957,3(3) : 373 - 381.
ALANIS E,SARAVIA L,ROVETTA L. Measurement of rock pile
heat transfer coefficients [ J ]. Solar Energy, 1977, 5 (19 ):
571 -572.

COUTIER ] P,FARBER E. Two applications of a numerical ap-
proach of heat transfer process within rock beds[ J]. Solar Ener-
gv,1982,29(6) ;451 —462.

BEEK J. Design of packed catalytic reactors[ M ]. Advances in
Chemical Engineering,1962,3 . 203 -271.

KUNIHIKO O,DAIZO K. Heat-transfer characteristics of packed
beds with stagnant fluids[ ] ]. International Journal of Heat and
Mass Transfer,1965 ,8(5) .749 —757.

ERGUN S, ORNING A A. Fluid flow through randomly packed
columns and fluidized beds [ J |. Industrial and Engineering
Chemistry, 1949 41(6): 1179 - 1184,

ANDERSEN K T. Theory for natural ventilation by thermal buoy-
ancy in one zone with uniform temperature| J |. Building and En-
vironment 2003 ,38 (11) ; 1281 —1289.

(T4 %)



