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Abstract

Under the background of proposing and promoting the "dual carbon" strategic goal,
the development and utilization of clean, stable and sustainable geothermal energy is
one of the effective ways to achieve this goal. At the same time, the geological and
hydrological environmental pollution caused by high-temperature heat damage in deep
mines and the accumulation of coal-based solid waste needs to be solved urgently. The
research and promotion of mine filling and buried pipe heat extraction technology can
effectively solve the above problems and achieve two major transformations: the
transformation of heat damage to heat source and the transformation of solid waste to
resources. This paper takes Zhangshuanglou Coal Mine as the research object to study
the optimal ratio of high thermal conductivity filling materials and the material
performance regulation law.

This article analyzes the geological profile and geothermal resource distribution
characteristics of Zhangshuanglou Coal Mine, and finds that its underground closed
hydrogeological unit and heat source-rich area-East Wing Mining Area (geothermal
gradient: 3.8°C/100m) provide good environmental conditions for filling heat
extraction. In view of the low heat transfer efficiency of the existing HEMS system, a
more efficient filling buried pipe heat extraction system is adopted. As for the weak link
of thermal conductivity of this system-the filling body, this paper uses experimental
methods to conduct key research. Clean water, coal gangue, fly ash, cement and
graphite are selected as the basic raw materials. 16 groups of proportion schemes are
designed through orthogonal experiments to test the transportation performance of the
slurry. At the same time, the thermal properties and compressive strength of the cured
specimens are tested. The study found that graphite content is the main controlling
factor of thermal conductivity. Its particles fill the pores to form a thermal network,
which significantly improves the heat transfer efficiency. The higher the content, the
better while balancing the cost. Cement content is the main controlling factor of
mechanical strength. The hydration products of the hydration reaction provide the
filling body with higher strength characteristics. The lower the material used, the better
while meeting the safe support working capacity of the goaf filling. Concentration is
the main controlling factor of rheological properties. Increasing the proportion of free
water will facilitate filling pumping, but when it is too high, it will affect the mechanical

strength. The recommended concentration is 72%-74%. The content of coal gangue and



fly ash has some but not the main influence on mechanical strength and rheological
properties. Therefore, after determining the content of graphite and cement, the content
ratio of the two is added according to the actual situation of the mine. Based on the
above experimental data analysis rules, the optimal filling material ratio scheme in the
experiment (72% concentration, 54% gangue, 18% fly ash, 14% cement, 14% graphite)
was proposed. At the same time, the neural network fitting prediction was used to obtain
the optimal predicted scheme after optimization (72% concentration, 50.5% gangue,
17.2% fly ash, 15.8% cement, 16% graphite). The thermal conductivity coefficients
were 2.75 W/(m-K) and 2.76 W/(m-K), respectively, taking into account both thermal
and mechanical properties. Finally, combined with the actual environmental conditions
of Zhangshuanglou Coal Mine, the engineering layout scheme and process flow of the
filling slurry transportation and heat extraction system were designed, providing a
certain theoretical basis and scientific method for the efficient development of deep
mine geothermal energy and the utilization of coal-based solid waste.
Keywords: High thermal conductivity filling material; Geothermal recovery;
Orthogonal experiment; Performance optimization; Coal-based solid

waste
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R NE IS BRI % TR, A RS RIARRIE, L snE
T PEAZ R o

(4) HEEMEFEIE: BEREIE. VB, Bath. B WIRRE, &
[ % €8 | R RO 22 4 R JR A L SR T HE 8 e e LI R S R By o 32 AR IR 79 U T -
BB FTIEAIRE,  TE SRS (1 i 45 70 D RE R A 1 IO\ BBUR A e e L L A SRR R
BiJ). RIARSESRE: RRedEl, WREE . W, B s H SR T B RGT
W ERA, AR I RIE ARG R A AL, RO WERIRED).

1.2.2 H L A 3 B0R

L FEE RER DR, KRR, BAMEZ 5 W 2T E
P, M 18 T2 40 AEATFURIZHTRTT-07 7 58 5 (0 PR 55 B A7 0 2 - 580 3 4h o
M1 B PREMHK RS T E A, HEER SR RS, R
BRI AFERR -

FEARRG B S P4l ST TR 32 B X A B R i 2 1.12X10" kI,
el 379539 12 t, ARAGEE 1.71 X108 kI, Ir&tef 569.31 12 t. FHik
SN HE FIASEAL it B 55 AT 87 1 AR b AR P H 5 g IR R e AT S AR 2 R T
BT Ao RN SO XS TV R AR R A DX AT b A BT IR VAN R g AL
W o 2SRV NOTIRIRERBHAEAT 7= F A B YR R SRS, B 90 B SR 2
PG OISR R R EI . Hall 25 AUSITE 2011 E047 7 11 AMEHTHK
IR GES I F LA 249 . 2016 4F, Loredo 25 AUt 28 M ITR AU H K e
MR GUHAT 7 3T IR W 73 2 TEER AT Ll b B 5 98 BE R B [B) T 2 AT,
gk 5 RESE APOFE T 7o A R SRS XA AR I SRl X PSR AR B IR IR
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PLAGH R 4 MRIATTIE, JRBGRBEBRTE T . TR NPUREE T PR - 24
BT RIS ARTT AT RIA &, SRR S BITR . R BRI S IR A
LFEHEATRY 3 IATT R 3 PR AR, IR LA E . T
T2V 2 3o 225 N\ AR PR BT R B R A7 T SRR R 7T AT R X
27 JE R H T RIS SR A X A KR A AR T Rt AT T 12 ) 2
RN AF I AR TE R A FE AR R TE R PR AR SR L L 32
R AN SR HORCR o F 55 T A NP IR SRR T SH A v AV 0 2485 1) B 0 L B R
AR RERIRZ M .

1.2.3 AT R FTEAM RS IR

B TREAT B A BRI 1L R IR B T B, mEMRHE N7
HH B RINAR G P LI T, 75 R BARAE HGLFE R K. M A
RN B HH A PTA, BERE SR AL BRI 78 BT 2 3 s T 5 R AR R 1)
TLRA . ENAMEFE N M TR ki S NPOMIAR SO L 78 H
PRI BB RGIRE R TP R S =M ORIE SR N IR A [F] A
PRL ) 26 3 2 & TR TR I X0 - 77 2tk RE R AT A T 2 2 A (22728 7
= VRN T BBV IR ST 1 R AAE AR L A 2R AN AR YN T FR MR T A
RER A VE A o TAEROW R EE b, QIBYEE NWHIT 1 7K ik 2 7AoA 1) 45 A AT L 1
B, oM T AL S s N R SRR, Durgun 25 A\ BHF| F % 272 iR PR (DFT)
X} C3S Hl CoS R THIIREE « 8 A SR BEPEEAT T 98« Zhang 25 APPSR T
TR il IR 97 T A A 5K AR S R 4L, He EAPYBEFL 1 &
BERLAR AR T 4E45 B0 2 e IR PR R I 4 K e A s BEL g 2 PRI 520 o FE BT 78 3H
TERITH, E WA E AWHRZ IR R mA R, SR R A AR B3,

TEFRIEARHE I e FE, EEXT AR LR GG A [F] e SRR A L, 2
Wy BT, Vb5 BT, AW AR NE SRR S T RAE TR A
KR S ARV A SR Ry s AR R A BEORE ) 2H 73 FC B GE 70 SE A A B 52 i 8 428 K
B, R X S R R B R A RS T S PR RE LA SR SR AR

1.3 FERIIHARRELZ (Main Content and Technical Route)

ARSI T SR IR Hh 5 2% AR AN T R ISR S i, B i [ S8 Fe SHA RHI)
FUEREAN T IERE, TFRELLR DUAN TS TH BRI
(1) FRXUHE AR H 5 2% 1 55 TSR AAFOR SCHE 3 #r
T M KSR FER™ B L At 5 26 1 AR Bl L i pb 28 A B R 2 A 5 1 B
HAIRJRRFAL, X SIS R AR G S GG R IL S, ESLhr R Gif%
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R AR AR AT TP E T I ISR —— TR AR, B AR Lt RO
KRR I EEAE

(2) {3 ATEIEAT B BB AR FE REN X

WRAE KRR BL S 26 10 5 BLA DB, 1 A [F) se AR M B AL 2 1
J5t, IEFEEIERIARL, DLEAZSER B SR U BETEAS R A RHIC L 5 SR 4 e 7 8
BORAFPRIRAE, JF il Yy S ge 0 A IVERE . AR TERE . J1A TR REREAT R 4t
T, 9B LA S B s 56 Hod

(3) AT EA BT A BRI N

WG SERRHR T 45 R, B e A R IR RE A R R S RS PLEE, R
RN 1R AR S aIA TE e 2 1L TARRE IS, by “ TR A
BV PGS AR S AR RS, XSSP R AL S AR R, iR R

PRI ACAL T A R S PR e S5 S ] L
(4) T3 GBI B TT R T7 Rt
AICGERE G IERPRHN S IERE . TARVEREM At BiE L “ i A

A R R TS A RIS LE 7 5, DS BREEAS A AR SRAGZAC FL 7 56 h I e 34A
YIVEZHL, JF2E 2R TIOR3 25 P I O R D5 ikt

AERE R AR AR BRI =559, X SRR vy S AT R Ak
BHERRLL BT, R TR as REAT 0 b S AR A B L T 20 R
X FEHCR ARt E BRI SRR . AR 20 1-2 P

[ DGO SRAURHER 5 A8 J MR A bR R O B i ]
[ F@a--------ss-=os- - T I
: % I SR ;CD E mﬁm%ﬁWEH()]
I 2 iy |
| % T ) 164LIRI8 /%K |
| & — B a7 14 8% 0
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l jl ERERRIZ ¥E| v SahaRE v ORERM
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| a2 ? HAKEHE e S e !
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I % < ]
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Figure 1-2 Technology Roadmap
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2 RN R RS FTIERRABAR KR

2 Geothermal Geological and Heat Extraction
Technology with Backfilling Method in
Zhangshuanglou Coal Mine

215k W # B & # &R & H  ( Geological Conditions of
Zhangshuanglou Coal Mine)

SRR H = (2R T b A, IRMZ AR BN SR, HE
HZRRD - REEE I R . BB L2 52 BT RUA 4 R B8,

(1) ARBZPGEAZRL (Cap)

A X ONHERE R BTN, 422020 20~38/29 m JE . th B3 e Q5 K a0,
FOVeE KRR OBUEIRE . TERIRNE RO, W armL s, i
EIRE . JREBINE 2 L ke s 5 )\ BEALA A RS .

(2) ARFZEGKFEH (Cyo)

ZHEE 145~179/159 m, JERCT- IR EAHTTAR AR, 72 3 25 s
TCo VIAABERIEMT, EZHE. HEF RIMHERE-EEZKE T =2E k2%
B, K —. FI R+ B RE AR bR SR . ARH B E G DAk
BHRiRbE . KBEARTA . WREE . WIREE IIEE .

(3) ZBRFLILTEH (Piy)

A2 93~185/113 mo ASZH M Z JE ik PEAR TR, R Eb 5 WA 0 v 8t YR iy ~¥5 T
Y VS VR A AL R o A W S B CRRE [ RR AL, 4% X SBOR BORT 43 A =ANDTAR
Tell. Pt 1~5 2, MARX EREEL 7. 9 1.

(4 ZBRTMETMAETH (P

KRHFREAE X BEEREIE R, BAEREENT 161~247/220m, K
B TR AR RIS, B EBRAE A S URERAE S REE N
F. KR BRE SRR OEKACHMP S E. FlEREE R KGO
TRAGRYGRE . WeE KK ER AR K.

(5) ZBR G EAETH (P

SHEE 12~175/101 m. EEHAiR A WA NT. FEHEL. K
R TR ARI Y A Y RN SR A EUR B b SRR SRR A R S (B L) S
TR N A ST AL ) B R A .

sk XU H 25 B K R G R R b 2 5 B ROCE & 5K 2 L R

&l
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2 SRS st B 2% A 5 TR SRR K

Jilo B Y A FA BRI L B o o XMt R /KA TR BRI N
S o AR SR DY R TLBU JZ AT A2 BoAT B e s /K P 1 2 B KR (HAE LR AT,
KB EFEL 72 m HPESRS L RRKZEB, 2B RMO RS IH, kg S
TKAENBL,

H GRS VU SRR E SR R, B T3 KRN B A1 i
5T REEE KA S K EAFAE K B AR, B0 1 R 7K Sl (] ) A i HkH 22 X 4p,
s IETE A MR E KRB .

ZREPTR, AFEHE B3R oK SORGL AT BARtiR Dy — A0 R Bk I H
THFS 95328 7K AR T S PAT 0 L Jo B e Ay i o DY o B 7K 6 43 B 52 /K F3 AR B/ INORAIE
TR BIPURTERE M TR 55938 K A5 B A fLL R b B el b & B Bk, NHEE
Ry SR AT Bl WM SRR I LR 25 FE ORI R AP R B 26 A

2.2 Sk AR W HRIKFF L (The Occurrence of Geothermal
Energy in Zhangshuanglou Coal Mine)

AR o [ b2 e sth i F FC B st AL S LR BERE: SkOBURR I BB IR IR B
30m, RN 16.6°C. (GRIUEI HFG AR S ) M (LIr BN 55 8 H 7k
TSP TR B R TR 75 ) 4. I NEMLIEEAT 1 10 /SHBTRG SL AR T
PR, Hri RS IR AL 2 4>, HoRB O 5 IR AL . KU 1L i il R 5 A2
PRI & 2-1 o, seb ks 1B s A e e i I R IE TR il 2k, 1
B H 5 DN FL MR FE A S350 2.52 °C/hm,  HOAART IX AL I IR FE

\Esc
20 24 28 32 36 40 44 48 B2
T T T T T T T T

0
200 =
100
£
ﬁﬁ 600 -
1%
q00 -

1000

1200 -

P 2-1 AL ih 26

Figure 2-1 Temperature curve
SRR IEAT™ 4 7 P SRR 35 10 2 B TR S8 AR 3 A i 38 m g, ELAAKH 9
T 28 (1R 2 25 T ) S HBRAE R BT , TR A TR A 1 I e PO o R 5K
BRI H, 2R BRI I IR 5 70 BRR I R E HR R — IR IR B AN A — J2 i
AR EHR AR R TIE 3R, JEPRALSA . PRME Oy Hrp g 3R X
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1.6 °C/hm, ZRFLRX 3.8 °C/hmeo FRAUERED 2 T 28 5 M R a8 = b T 3,
W EA R =R 46 °C, ARFFIRAT TAF MR Sik 40 °C. FHANEREE 95-
100%, (il AV SR 22 A m U E 72 . miR AAE IR AT DR A #vae 4T
SEMCMA, RIS CGRIET I TR T E) BT ER W MRS T
N 1036.26 kW EAL I A 72.42 kW, EAG 58 1 G5 fif m g A7 I BUR)
H.

23 FRIEXHRFTARKH# (Key Points of Filling Heat Collection
Technology)

SRR 7E 2009 R IR FIR S AR 240 (HEMS, K 2-2), #
FRIEAT G, TARTHA SR EHITE 29°CLAN, AMUKIRZEM T ik S~
R E, [F, SCELEE BEIRARI A, B AT SO At T R A A, SR 4
WGV REJR HE A

SR B R A MR GAFE— ESRIE S AL fEERN T, 5 FH
ZH (£70.024 Wim-K) FTLEHEE (49 1.005 kI/kg KD 8%, 75 56 K A3 b i FR
B A RRIA B BT T AR, s R & T, ATRAMERME, R BUE G Bl
RIE RN, FEOE SRR, Hafi S Ko, KEIEITREFE R
TERSR T, KEE B HE AR, XOEEAAIUR RS FEUCERE N . A
T 5 R FH 70 S SR A 5 5O0) R SR IR PR AT R A A, Rk IR R 4047
AR : RN RA SRESREN, K HRER (4.18kJkg'K), Ak
W, XTHEARERICE S T4, W&RER, SfERE s
IMEFR RS e 2§ CInpGRIe i as ), RN @ AT IR AR, RS R
R ERKIR Rk Re ST A .

-5007k

=7507KF

K 2-2 FRIR S REeRI I RS

Figure 2-2 Cooling and thermal energy utilization system

AR SO 2R Dy i 2 78 RS SR AN I AR SRSV IR EAT R AT IR AT 3K
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MR TR R TT R BT Z RGBS AL RIS h i Vg8, A 78R
PRI LS ARE A8 B i 58 AR AC i, R BE s i B, s
SETHIER L I AT R BORI T o BN A AE A BOR il R R AR BE IR %, O 1A 20
TFR I ABER 5 MR INGEH eI B B i ion B W 2-3) AT, M

TR
q:
| l mLy
Thik A R
T:
TrRE 78 Tj R
AT 1:;+ T=Tous
ThAE 7oA T R
3
S R
I M3 N I Té' gf'
TR AR

2-3 fEHR iR A
Figure 2-3 Schematic diagram of heat transfer path

ISR TR, S LS - S A S AV RE U OG. BR
S RT R, LA PR 5 AR AL TR E I, B R AR R )T
RO W E AT HHCT e R I BOKIREE . KR TRESERE, BlA SRAEER T
FEsmA s B e e B TAR UG AR, AHEC 2T, i b B b A e vy 3 VG 2 S
it R TT B B BRI AT I, AE BRI BT A 4 rh 3 3 50U B B A% R AR
Ao T Ty e Y AR R TR I T AP R 4 ) D B B AR M I R TR

e R FRBER AR TAEE RS (UK SR R/ B ERAME 5 ) A
REfe Z RSO IR S5 RACEN TR R, 428 7] 5ETH L b iR E 5 ik vk
RERI TR T, A5 m P A RE R R A AR AR . DRI,y R FA TR R AR B 2Rtk
MRS HOE P O Z B B 8 1o 18 05 25 51 A0 e 2 AR R AR 1
T R G MERIACEITIETS, Dk R EASE. BT A3t SHRicin, &
i S AR AR S AT VR e S B, 20 e AR RES LS 40 S i
RiRF, #RINZ BIRAR AIvERe. J15 e TR R, SRR
W] 28 40, S B0 HCHE FIOMIAR A JS APRHEC B T SR MR RE S 4L, 18 FAE TR DU Fe R 4
it
2.4 KE /g (Summary of this Chapter)

A F ST T RO B 1 B 55 IR AR AE o O M2 DA R R A
BARNE, KOG TR E P R FCR XU BE L ik 3.8°C/hm, FEHIATIT
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RIPILIX Sk X b T4 58 HEMS R GEHIA AL C2 UG RRCRAR, B BERE R,
KA RIAGAR, R SR m SRR s R st % . 2k
PR AR FEIRA RS FE ORI AR o (A% B39 3A 1Y . DAL, BT SR SRR
PRI RE AR FUFE AR DR 1% 7] A O e, S AR A A R C LS vy 5 AR
FFRTHEEAAR IR H 1
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3 EFRFTERAM BRI RE S

3 Thermal Physical Properties Analysis of High
Thermal Conductivity Filling Heat Collection

Materials

3.1 il & SR 5 Ri%it (Sample Preparation and Design of
Mixing Recipe)

3.1.1 #HEfmEl&

FERAORL EEA BT A BB JKIEATCA SR b, SR AR SR K8 oK
R Bl i £ /K e (P.O 42.5)K W B AR M @M 1i1d7, 5K 55 5
/NG

WA A I AN A, HUORE T Y, &AL ENRCA . 80
MTfEA, HAGE R FEARBGE Si02 A1 ALOs, KEUR D H /7% N: Si0 A
52~65; ALOs; N 16~36; FexO; N 2.28~14.63; CaO Ny 0.42~2.32; MgO N
0.44~2.41; TiO2 4 0.90~4; P20s 4 0.007~0.24; KoO+NaO N 1.45~3.9; V2,05
749 0.008~0.03. SEFRA I 28 B ARG JLRRERAE , 075 70 tH 2 mm DA R,

K IR IK B AP FAFAE 5 KB B A AR, 3 I FL B B IR R AR AR
TORLAYOUL 5 74 2 IR e 5 IR 2 FLEAS, RIFLBRZ I 50%-80% 1 X [A] 3
Fl, RERF TAMEIRK MRS . R R ST A/ T 0.5-300 fCK 2 18], BRI
LU R T RAE A S R B RE T o FEEA 5 8N : Si02+ AL O3+ FexOs. FeO.
CaO, BHA/VE TiOw MgO. K20 NaxO b 4 8 E AL il

K NEH KEMEER =45 (3Ca0-Si02). FEfR 45 (2Ca0-Si0y). 4R
=45 (3Ca0-AlL03) FIREZIUAE (4Ca0-AlLO3Fer03), HH R 585 ERE.
FEEHSr: CaO. SiOz. Fer03. ALO;.

RN A 55 PR A U 45 ) 2 E 8 R 45 4 28 I T 1 1) 22 FLIBRAA B R 28540, LR
ELARAE 20.00 pm e A7, XA PPIR AL IR 45 14 AU IZIK A 8 B B R ik 7,
SR T R T AURT A A LIR A AR S I 7 R B s ) o 3 S 0 B A 58 1 AR 1 R K
B H S ABA LA 5 377.70 W/(m-K)AT 6.23 kI/(kg'K), FIIEKA
55 B T RER I FLBR 25 F A g A PEAE S T B s A kL
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PR OB

O peE

e KBS :
pEgs ok W ;
a ‘ A 14K ‘
Wk O lmmE v Mk RIS 28K -
s 3
e PN EC TN I...... 2 B

P 3-1 1A A A

Figure 3-1 Sample preparation flowchart
P ) AR B A 3-1 pow, BRI RO . B oK A A
SR2TE KRR I 5 min J5IR IS ST, 0B STRER AT iR A E RE I 103k
5 RN 7 B R 5 2R o AL A BB R DA T JER S /N AL IR IR RERL IR
FEHIZE 50 mm X 100 mm BLEHTRAEIRE 20 °C. IRSE 95 Y%orh 575748 R I
idss, I 3 R 7Ry 14 KK 28 R BERIRAGANFE IR I 8] T Rl
M JaHEAT 1A VERE (BURSRED) MIPIVERE (S AREL RIEAREO LK.

3.1.2 SEIGFCEL R AR

IR TSI RNl s R i, HA Rl 2 4 KA R B R &
P MBI A s e T 2 AR SRR R, FaEaHER U
I3 HARSL2M 5 2 2H 73 18] A R [R) 2808 o 5 1 IR ARS8 T 5 V2 B A Bl 7o A 2 4
XL AT ERIRIRFAE, AL, ASHT SR IR A it il o bl s 58, BAE )
B 2% BB 73 18] B S R

BRI A Bl 3R AT 1 S8 e 45 R OE W R BN o M 5 07 E 0
(ANOVA) , Horp F N 04 /5 Z 54 BB A AN FKCE T 1P 244 -

k; =025x) X, (3-1)
k=1

A X, SR AL S § NACE N BS n AR IR -

IS TR SRAS 0 & LR AEA RN B A 2 8N 4 K, 7T LLE
E & R R AE KT B3R LT X SEEG 2 H R 52 E RN, g 1T 4 7 25 DR 3 0t 52 56 25
M ) IR KR eGS0 1R 22 T 0 IR A R AT 7 20007, Forp a5 A
(SST) . AHEFJ7 Al (SSA) FIAHPFE A (SSE) A N:
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SST = ii(}(im —Xi)

i=l m=1

§54 = i4x (X, —Xu) (3-2)

i=1

SSE = SST - SS4

I FHE -
df,=4-1=3

(3-3)
dﬁ%% = dfl.:' —df,

WHES F KA
S84
- df,
M, = SSE

T df
_MS,

- MS RZE

F A 6 A8 AT DU & 25 IR 25 7K P AR AL X6 S0 B4 F s i A B /S, JB XS b F

B F AR50 SR T LA R0 PR 3R /KT B3 S s 1 . 25 VR i
% 3-1 F Ko 4 A 00 5 A0

Table 3-1 The significance division and critical value of the F-test

MS,

(3-4)

F {E Vi H BERE Gk F Ao 5l FHE
F>F3,3) R woos [ (3,3)=29.46
Fo01(3,3) > F > F,5(3,3) e Hohk F,(3,3)=9.28
Fi5(3,3)> F > F,(3,3) B o F, ,(3,3)=5.36
F103,3)> F'> F 55(3,3) ENGEZERS A * F,,5(3,3)=2.36
£33 > F Rl

FEHCR M BRI IR TS K BT A B K8 a5k,
SCEEE RIS R AT AN, ARSI CERELD « BT A S R, K
RERSOEEE, HENRREENNKT, %A Lle (4 KIEREM T
WEFCAS S MR I PE S AR S U, IR IE SRR 16 ks Rctl, H
PR IEZC I I 2R 57K IE DL L R & 3-2

SR BEREA IR LT 58 (RSBt & 3-3)
% 32 R KPR

Table 3-2 Table of raw material proportion levels

K WFE /% WERERT A /% K8/ % 15 /%
— 72 54 14 14
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- 70 50 12 11
= 76 46 10 8
/g 74 42 8 5

# 3-3 Botbses iy &=

Table 3-3 Proportioning experimental scheme

UE 3R] W% /% K IEIK /% KV Y% H 5%
1 72 54 18 14 14
2 72 50 27 12 11
3 72 46 36 10 8
4 72 42 45 8 5
5 70 54 26 12 8
6 70 50 31 14 5
7 70 46 32 8 14
8 70 42 37 10 11
9 76 54 31 10 5
10 76 50 34 8 8
11 76 46 29 14 11
12 76 42 32 12 14
13 74 54 27 8 11
14 74 50 26 10 14
15 74 46 37 12 5
16 74 42 36 14 8

AR A28 5 SRR N5 o ) JEUREEAT VR S B, A0 2 SRt
FTRAYEREMG, A1 AN TR I 18] T AR dh AT Bk e 5 F0 22 PERENR

3.2 #AMEEEMIR. (Thermal Performance Test)

RPEFRTE GB/T 32064-2015, {# F#IAL DRE-IIT 5# R EMIASCIA 78 E A4
B SRS SRR HERIE S AR S SR AT ESFEERIEE (pe):

pCc=— (3-5)
a

BT B A P AR (TPS/Hot Disk $AR), #2034 G4 B & L 17
ClRERIZAMIAFEE D . o S ARl & ((NFRRI-TH), LUK 1-600 FhHmE
Mk AT SR EGERE 0.01~300 W/(m-K) (Z3#E3% 0.0001 W/(m-K)). #EHf
FEDLT 5%, SCRF=IRARHENNABOERLY iR E B (W1-20 °C~120°C) . Ff it E K
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BHAE=45mm. JFE=15mm (A&, #HR3kA% 7.5 mm 5% 15 mm BEE.
'

3-2 iRl DRE-I 33 &R R A
Figure 3-2 Xiangke DRE-III Thermal Conductivity Tester

MR 7, F5ZEXFE AT TR EE, # CRRE o R TP, AR R A
IR s B 15 mm,  PAEE & 8RS 50 mm X 100 mm Y RAEAR, B —ANE
TR RIS AERE i SR Z 8], MHAN 0.19 A, HZFHFN 0.002 A, %
U RE SR BT HUBA 2, 38076 £0.0005A I, %58 KA 5 min 15 E
IFIA], 5 AR E W ZE AN B 0.02 uV BIONESRE, HEA 2 min BIIHART B, ke
A R AR TR R

3.3 AN EEAIEME (The Regulation Law of Thermal Physical
Properties)

AR — FhE IR NTT B R R ARGE ), AEARHIE T TR e e R n
TR AR, DR R e BRI RCR

S s A S B m SRR BRI S EON, AR E BN, s N
F8 Ay ST FAT ATIC P 128 SRS T 22 o K00 X 2% (1) L HE S A, T B3 AR A
IR T FE IR P A B A o EAN KR KA SN i A B AE R B FLRR, XL A3
WA B IEAL T o A7 SRR U 3L 3 A RE T 3 5 BT XU AR I - oK
RURLAR. “HrIsL” Bl SLBRIE A AR L, U NBTRLIUAR. “ W ST FLRR A] B,
BN AL R S RO AR FIALER A 3-3 P
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® A SRR
QR BHBURL

K33 s stiR e A
Figure 3-3 Schematic diagram of graphite filling

AR RN R R FRAEA T B —, HARBU LR S A, /2%
HARZG 8 Ao K5 T RARDIE S, T SRt . #T AR5
HARSE ARSI 3R F N oM 5 05 22 70 A T i

LA A3 BT B AR bR, X LS R AR S IR AR BON AR L 1) P 241E
NHAERR, 15 TR R R BRI, K] 3-4 Fors

24 240 24 ] 40
—u— SHA (W/(mK)) | —=— SR (W/(mK)) b) |
—o— G AM (mm?/s) (@) 0145 —o— SELRH (mm?s) (b) Jo.14] 3
221 A B2 (J/(em?-K)) 132 221 —A— ABUILZE (J/(em*K)) 132
4012 {0.12
20+ 128 20+ 428
1010 % Joa0]*
1.8} 18f
20 20
16 40.08{16 16l 40.08{ 16
{12 12
1.4 : : . : 0.06 1.4 . . L ! 0.06
70% 2% 74% 76% 42% 46%  50% 54%
W A&
(@) VRPZ A (b) A& R mME
2.4 440 24 e
—o— SHAK (W/(mK loa6l45
—=— SR (W/(m-K)) (©) -0.14]36 — G AN :mng;'s) » (d) 0-16
22+ —o— Gl A% (mm?/s) 22+ B %8 (em?, 1o 14- 40
—A— ABULE (J/(em*K)) 132 4
4012 5
20 .“\‘/- 128 201 10124 30
Jo.10] % 4010925
1.8+ 150 1.8} 12
40.08
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4 8% 10% 12% 14% 000 4 % 8% 1% 14% s
o o*%ﬁﬂ o o o o Fgﬁﬁ o o
(o) 7KiRE B m g (D AEBGELmME

Bl 3-4 %R A R KT A RE 5 28 9 2k K
Figure 3-4 Line graphs of the main effects of thermal physical properties at different levels of

various factors
ANOVA 75 ZZ 43 W1 ] 5 78 A R A M B8 2541 7 I s i) B2 28 1 04T 2 it s
FRIE B ot e 2= A5, THE R PRI T T R, WK 3-4.
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Table 3-4 The result of variance analysis of thermal physical properties

==Y
ki A ERE FETHM 17 F i fff
WA 0.0805 3 0.0268 1.3748
FH adE 0.2366 3 0.0789 4.0400 *
RE w7 0.0586 3 0.0195 1.0000
Aot E 1.6112 3 0.5371 27.5090 ok
WA 0.0078 3 0.0026 17.9348 ok
Fif as&E 0.0049 3 0.0016 11.2421 Hokok
RE w7 0.0004 3 0.0001 1.0000
Aot E 0.0211 3 0.0070 48.8646 ok

SRR AR E, PO SERIEImIET, MK, KBS =GN
B A BRARS F2 T o AR 3 R 7 26 B 40 M mT A 52 - AR B R 2 1 32 K
G A S, ASRE WRE. KESE, AREGELMmSRABMNERT
BRFE (5 3% S5 RBAFRI R FRRECFEIRT 16.3%), FASRERRZ, X
72 H T A SR S R EAE SRR R B R, (RIS AR A A S 78 78 A4 A B 1Y)
TR B HEAR IR AT A0 SR AE 7R AR P A T AE B T e L R
5T IR AL AT BN S AR B AR R AR T 2R, BRI AR S AR
K B AR AE o TR B PR S KR & 2 3G e S 3 R B 1 v B A R INE S
FEFHE T, X ] RER R AKIR S B K& & 3G et 7 /KA s B2 I 26 1
A TR AR LR R ) 2 SRR 1 SR ERAT BT T 2E B SR ey 2 FAME RE I 78
BUR MR, BRI AR : 72%IRIE . 54% A B0, 18% MK 14%
KPeA 14%f 58, FREH S, N 2.75 W(mK).

PRI AT B AT o, KVE B RAE FRMERESZUP I TTIR B B AIK, i
e 1R AN R ZETUHAT )7 22 00T, FIFH A E A SRR BN 7 25
Mras i, SHEETEFHISEAT S 23T ird e A 8. Xl F
E5IER FRIERNE: RS E SRAREEEm A BESR, Ba s
T 3R BB AR FI A SRR AR B35 /KT, K & & 5 AR E S5
PO EAER (i ABO P STERNRTE XL L Pl RiE - Al B

SRR A BT A S BRI RS, BER RN BURCOR ER
31, BEAKYE B B3GR B/NF B o ARYE 32 RN TR B T TR R S A R BUR R
BT A B R R PAS R KESE, ASFEIKIELRMNSHE
REMERFERNZE, ASBFERBEC BB ARG ERN Tk
BT, AR S S R B R IUBR U %

AR 32 38R 26 B A R, KV B AR SR R A DR A, ok e 1%
AN AR ZE DT J7 25087, FIH AR E IR SRR E 7 Z 45 %
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BT 2 T R HE P 5 R R e B — Bk, X F E SR
FtF RAE KNS SRS B iR R ECU A R R EACR, IR ST

RN IR AR BOY 3, 1KY & B TR R BN R AR I8 I
R, o .

3.4 KE /25 (Summary of this Chapter)

AEX AR WA KIe S B LORE R E MK, IR 16 478
FMRHICLE D 56, 38 I 5256 = i MRS BVt s s, P 2808 507 259>
BT ARAF AN [FIHC B B RE A R i LR -

IR LT B SRR B E N 2.75 W/(mK). AETERSFHRALNE
R, & 3%E& BRI SR RECTF IR 16.3%. A s=4E)y—Migiia
Z AL IHREPERRR MR, X T s B SR A I e BAT RO By, FLRURLIE L
ST FLBRAE il S N 4 2 25 SR T BRI RCR s b & B 3 VR A S (EA &
&, NIHEM B SRR SRR LA B IRTHER]: 7Kg SIKEER Gk
RERCMIRL/N . Sk R B S AR LA R 5 S A ARE 2L FERILE S
Tl R BRI TR .
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4 BFRAFTERRABNFESREME S
4 Analysis of The Mechanical and Rheological

Properties of High Thermal Conductivity Filled Heat

Collection Materials

BEXIA LR RN D RE TSR R 118 SR (1 3 P L E DASR R R IR,
3 75 8 DR T8 SRR AS By HL At AR A i A2 S B DR 7R 2 s R 2 X M SCHEAE A
B TR SR s SRR TE R I (1M 2 RE PERE HRE AN 1 ik % S
JAS o A I S SRAFHCE 70 A A R E A AL RS BEX e AR BT S 0 S TR SRR
HIEHRNL ) CREE R B 1szmiie .

41N BB b EIE M D F 58 B 45 1 ( Physical Strength

Characteristics of Fillers with Different Ratios)
4.1.1 Bihin R E SLIIRF

W& KA TKA-WXY-1F 4 HEEMRE S S 4-1 s, RH
WAR LA, 240x128 DL B oy HE 3 gl o, Blim 77, Bhia fr A2 S5E s BIY)
HEL: 0.00001-10 mm/min, JCZCIRE, Wan R HAREMPGRDIRE, Fra
E—fAT: IE 4 B LED SR, HTBRMER TRE: &K
10kN, H 2% faf EAEKAE DL S 2225 I, 0~10 kN, F5/E £0.1 %F.S; R &
K150 mm;  H SN FRAEABEEAE . AT fl AR A PR HE . geit BoR
FHRMLE (. M) NARESHNZ) . nTish B R, Seil4r | shizdl,
H 2 56 A A 2 il i 42

FEl Y 50 mm X 100 mm FEAEAAR, A58 4 5 30600 R 300 FLE AT He
SRS WPFESD TR RITIAT AL, RATRGIE T8, JHEEERIKE, FahhEsr
WEEE, B G R AT RESEITFE S BRI EAEASZ 77 FT 0, IR
7E 0.5 mm/min, JOZE B KHEA 10~15 min, FEMBEZE, EibnE, id50E.
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sl

K 4-1 = EZhEMR S I

Figure 4-1 Fully automatic unconfined pressure gauge

4.1.2 HthF =X T R4 E R R RN

7 1400
|

1200

1000

oo
(=3
o

[N /1 (kPa)
[
=

400

B (%)
(b)

Bl 4-2 Bl I 45 I AR it 25 5 T S

Figure 4-2 Uniaxial compression stress-strain curve and physical diagram of fracturing

XTI R N F7- A i 2R AT 0 A, Sz Sk e M R 46 R TR 3R AR N 3-8
AR ERATACRFIE . & 4-2 Dy R o BR I 2 N AN R IR N - I A i 7 iy 24 55
MZWEIN (), DHHZEIN (b)),

HIE 4-2 Ca) AN, FRIAR SRR T 20 9 DY AN B2

1 #HRILBS B (OA). U, WFAMSEm IZHE L, TRk
RARSLBRBIZHT S, BRI 2 “ R R T e AR AR . AR
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K KPe AT S5 iR G VRN TE IR RE, A FE AR A B A 4a AL BB

2) LRAEFRIEASIEI BL (AB) . %M Bt FEIRGAIT i 7 A8 K SR
(5] IS N 7 B 2 I AR 34 T AN 0 o 5L 24 1) 82 B BB IR AR, 83K
PR ER S BUBT IR 2B, A BLERIREL, U BILRE ZE3E N AR BRI B

3) JEARBIABT B (BCYo BB, FEHIA N AR IRER, REZHIAE
PR, NAGRERIUGIRGE, FEIRAE fi e sl ik BV N 7T

4) VEJERERRT B (CDD o BRIN BEZE MR RIHE K, FE AR 1) B 77 T %
Ja Xt N, HARPEZR T U5 5 BN e AR I £ 8% . N T R RIRRE
LRI, FEIAR T R A AR EIR, IR

(7] IS £ 7R SR IR R o Y B MO i, i R AR PR S 0 N 7 R g 58
FERURIRE AR B, A0E] 4-2 (0) Fs, R R 2 1~ 30 7 e R R ™ L,
N AFER > T AL .

X AT e i 2R R RS SRR 7 A AN 3 B A AR R U T 5 IR
AR HBED =, SRR, . e E,
GESFIN IR B, AT RERONTE 95 X8, FE RN RS R AE TR 1R 2820 A
R R R R

4.2 F1ZFEE TR E (The Regulation Law of Mechanical Strength)

2

@awd ﬁ‘&gﬁ‘«‘k

A

4-3 WH R T PR EME GREE-AHA)

Figure 4-3 Intuitive graph of compressive strength under two factors (concentration - gangue)
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&

gt

(eand) WE

K 4-4 UK FHUEREEWE -k

Figure 4-4 Intuitive graph of compressive strength under two factors (gangue - cement)

|

(@aW) E'ii_%‘:ﬂ'!*

K 4-5 WA= T PUsREE A GREZ-7KE)
Figure 4-5 Intuitive graph of compressive strength under two factors (concentration - cement)
16 Fp XSRS AL LE 28 RIRYIN AIPUE L H KN 2.86 MPa, /i 0.32

MPa. MFEFR ORE-fA. AR, WRE-/KE) THusmREHER A 4-4.
4-4 1 4-5 iz, & 4-5 AR EE /K Y LR AT B S SO MR LR AL, 0 2 B
PSRN ETHEY, HYURmE R/ 0.32 MPa — A RINIKE 5K & &
/b BAREM R DL RN W 5 05 22 i 5 iR 7R
CAAS 200 BT B AR b, X 25 195 (28 0 AN IR (3 KD [
PEMENIALRR, 15 TSR SR RE ) RN TR &, IR 4-6 TR .
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L85 —m G V81 a5 g

— i (A) ~ omae (D)
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S12 045 £ .\\’_’_‘ 1042
% 0.9 R % 0.9 =
= 03= = 03
g i+ lig o

0.6 ‘ 0.6F !

0.2 0.2

0.3 | 03+ ’\‘,_’o//. |

70% 2% e A% 76% 42% 6% - x (S0% 54%
(a) IREERNE (b) EFFEE EF MR
2.1 0.6 0.6
—=— RIS 181 —m— jGMlsRAs

18| —— e () —e— RLIRAE (d)
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=15 I o= = |
& = Szt los S
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- o i
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0.3 | 03 o— ¢ — e °

8% 10% 12% 14% 5% 8% _ 1% 14%
A e & ik AMER
(o) A EEIMWME (d) BESEFRNE

Kl 4-6 & BRI ANF K T 5 B RN T 4R 1A
Figure 4-6 Line graphs of the main effect of intensity at different levels for various factors
ANOVA 75 Z 73 BT A % SR A R ) 2L e % 20 7 B 52 MR 2 PR AT 8 e i
HRGEEW A rhE By, HEB I ERERH D T Z 4R, Wk 4-1.
R A-1 BT AR

Table 4-1 Results of intensity variance analysis

Wb AANRE  FETHM HBE F i Eﬁf”‘
W 1.8834 3 0.6278 5.6065 ok

Ja 3 aEE 0.3698 3 0.1233 1.1009

o B IKUE & & 4.2494 3 1.4165 12.6495 ok
R 0.3359 3 0.1120
wE 0.0210 3 0.0070 17.2198 ok

HLIY aEE 0.0031 3 0.0010 2.5277 *

o B IKUE & & 0.0229 3 0.0076 18.7684 ok
R 0.0012 3 0.0004

Jo AR FE 5 A 5 R B -2 o0 B AR A R s e R AR AL, Bl KR & AR
XGImEE A, BEATA S BRI PRSI, B S E i I sl g2 e
Tt ARAE ORI o T AR S A R R AR s e ) 32 R N KT
SE.DWRE. FAEE. AREE. 16 45 RH/KIR & EALE 8% 5 HIH ki
BT8R, 435108 0.461 MPa. 0.320 MPa. 0.708 MPa. 0.590 MPa, 47K
TSI 8% 10% 12%- 14%/KF I, J5#APiEREZ FME H 0.52 MPa I
FHZE 1.91 MPa, & 2%/Kie & 18T 717 KI5 BT S5%MEE Tt HHHt K om
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FE~FII(EH 0.14 MPa _EJH% 0.24 MPa, ZsMuEsRE R FERE, X2H
T KU & BB = 7K UE KA AR BB /KA P 0Bk 22, R SEAAR PN 8 465 1 BUR R
i, fER RN PUR RS, AR

2(3Ca0+8i0,) + 6H,0 — 3Ca0+28i0,*3H,0 +3Ca(OH),

2(2Ca0+8i0,) + 4H,0 — 3Ca0+28i0,*3H,0 + Ca(OH ),
3Ca0+Al1,0, + 6 H,0 — 3Ca0+A1,0,6 H,0
3Ca0+A1,0,6H,0 +3(CaSO,*2H,0) + 20H,0 — 3Ca0+A1,0,+3CaS0,*32H,0
4Ca0+AL,0,+Fe,0, + TH,0 — 3Ca0+AL,0,+6 H,0 + CaO+Fe,0,+H,0

WREH 70%3E T+ 2 76%, Ja P8 B2~ F3){E H 0.64 MPa _EF+ 2% 1.5 MPa,
AR 58 FE 948 i 0.14 MPa b T2 0.23 MPa, iX & i T RE 8 i Bk FE 19,
KR A T AR A AT A BRI R DL SRR IR I AR R B KD T BN FLIER
SE R FTIE BN -

MR 1 R 2R B o BT B, JKVE & B AE FIERE S HUH I DTk B B fIK,
e %R A N R ZE AT 7 Z 00T, R AR SRR B T 250
Tres iR, FRETE P EEHET S E ATt BE 8. Wk F
ESIER F KA RN : KV S X EIHGRE . 00 1 R o 23,
R P NT 5 U AR FEE ) S AR T S BRSBTS 2, IX 2 T R BOK A S R
AT AT HIAMY B, 11 )5 B B KA S S gEAT T 58 4, Bk &R HoK Ak e Rk
ITRARE/NTE. FASE. A SRS )50 e 5 .

43N F B EL % % % T M B2 45 4E ( Rheological Property
Characteristics of Slurries With Different Ratios)

43.1 mE MM LR &

SR B MR A2 77 1) MCR72 TR AR A (ST22-4V-40, 41 F B 4-7)%F 16 FiAS[H
A3 IC LR AT IR A S HONIR . MCR72 BEARERAIK ik, SRR eiE ffR
DT TAER, RIS B e N AR 5 N 45 h| DhRe. R ERET T, SRR
N 125 mN-m), Jig % FR % A 3 B NLEE 322 200 uN-m, 73 FF3 ATIA 100 nN-m.
e FA BOE TGN 1 prad 2ICT5K, 73 PR KSR 614 nrad. BN F, i
TH A5 3R AR B TR) 3 B8 100 ms, MEFEVEEE S 1045 157 radls, A
ARZETEE AN 10722 628 rad/s . 53 J7 1, #AIKSCHF 107 r/min, % =5 AT & 1500 r/min.
AT e K B YA A -50 28 400 °Cs
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[l 4-7 MCR 72 LAY
Figure 4-7 MCR 72 rheometer

HER P B, B2 AR S min, EHASMREGHS, T 500 ml bx

AEREA T CSEVIRT LTI 4-8), HHRRARLCRE, (8 TAL TR E AL E, JF

PRI A Ty 2 = BRIy Jaimiyl 30 s, BIUIEZEN 60 s,

i E 30 s JaBE N IR BB B, BIYIEARTER Y 0~120 s, BIYII )Y 2 min,
B 25 W1 AN AL AR BEL G 560 M,

TR YT T

K 4-8 BI5IRER
Figure 4-8 Uniform slurry

4.3.2 KIS AL 2 57 4

ISR B SRR AR R N B 4-9 B, mTgn,  BEAE BT U A G,
TR RER 2R R AR HEL I 18] ARG SR By A8 KT, RILH BY
DIRAL I G . AEBT ORI BOEVEE N, e T BT DR 7R A 2R 41,
RV LR/ A4 - BYD)E ], BERIK Ve KA SR R R KA )
P B LR, 2 2R RS54 (K LAY 5 BY DI RRIR RIS I, ARER R IR B
TARaEWL, phah, HETUIE A 0.1 s BN, SR ) BT U A 1
EFE IR 15 Py S 3 DR T 15 B B BB e B D) 738 AR E X2
etk BTt BN TR R, REFHIAERIER S IR T A4
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—RE RN AN B 7B, I BT VN TG IR . AR AITIRVIRES
R T DR A AL, BY VIR 77328 B AR T At 1R (R sh 4 R (BY D) B A7

AP N).
500
350
450 300
250
Swof LTS <200
S £
Byl 150 -
. o
gm # 100 -
300 sor
ok
250 A A L _50 1 1 1
01 1 10 100 0.1 1 10 100
P [1/s] HindgE (1/s)
(a) BB AR 28 (b) BY b K5 £

P 4-9 156 i 7Yy AR fh 2
Figure 4-9 Test the typical rheological curve

100

750 F
700
650 [-
sor 600 |
550
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60 [ 150 F

YISy [Pal
BN 4y [Pa)

400 -

/ 350
ert, ) /

., ; p
L ": "y:-."::;\';::::‘r:"v" 300
i

250
L

1 ! L
0.1 1 10 100 0.1 1 10 100

sitlekEe [1/s) HEESE [1/5]
K 4-10 #7077 SBEBI YR RN 2k (s RIE 70%; A7 iRIE 76%)
Figure 4-10 Shear rate-stress curves of slurry in some schemes (left: Concentration 70%; Right:
Concentration 76%

[Fy, Wi 4-10 B, BEIRFEFEAR, JRshRe 108, B 7EoE I SOR HH s,
AR R, [RI ph A] A FE R R AN S EOR, 6% I T 22 /£ BY
VIN g FARIL H— A2 R ) 2R .

44 RTSHIBAIEME (The Regulation Law of Rheological
Parameters)

N7 B BARHER T AR SRR IR AR S 28, 1R BB ) N 2t B THINE )
ek, SINEDEEA 23 TG e B, B kR KA Rt S 5 s
MR I FIEEVEREE), 15 AR 7 7 BN AR A . Be A KON

=7 +ny 4-1)
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X TNBIVIN )5 1o BT OIMIAG I AT 5 oKL AR5 Passs y NIRACBI D) A,

S-l

R 42 BB SH MG T
Table 4-2 Slurry rheological parameters and fitting equations

Ji%E JRIRILSI/Pa KEFE ZHU/Pas WE TR R AR

1 159.5 0.7 T=1595+0.7y 0.92525
2 87.54 0.59 T =87.54 + 0.59y 0.9584
3 68.79 0.53 T=68.79+053y 097128
4 70.43 0.59 T=7043+0.59 097456
5 47.23 0.33 T=4723+033y 097641
6 42.35 0.329 T=4235+0.329y 0.98173
7 50.26 0.37 T=50.26+0.37y 0.96872
8 42.21 0.31 T=4221+031y 0.97193
9 304.26 1.19 T =30426+1.19y 0.90166
10 272.55 1.11 T=27255+ 111y 093148
11 362.73 1.37 T=36273+137y 0.89536
12 365.71 2.2 T=36571+22y 0.88329
13 159.21 0.84 T=159.21+0.84y 0.92777
14 199.6 0.94 T=199.6+094y  0.93602
15 124.2 0.8 T=1242+ 0.8y 0.96516
16 169.11 1.09 T=169.11+1.09y 0.93533

BT RRRRAAS RN ETTRRINE 42 P, UEHRRE R EHE
0.88~0.98, FKHARBAUGHE L, Tk LARA D HIKHE AR, XN
JoE RN 3 R EE (T HE O AL b, 45t SRS RHALAS VE BE 0 T2 RN AT 2k B,
K 4-11 FroR.
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Figure 4-11 Line graphs of the main effects of rheological parameters at different levels for each

factor

14%

TEREDHT

IR B e 2 B8, tHR MR TER AL T T aE R, Wk 4-3.
% 4-3 MASHBOTZEHTEs R

Table 4-3 Results of variance analysis of theological parameters

Wi ek mEvorm 0 17 P A
B K
wE 179128.05 3 59709.3485 219.0132 okt
Jet i R 817.89 3 272.6290
NVa; IKUE & & 4253.77 3 1417.9229 5.2009 *
B E 8654.05 3 2884.6846 10.5810 ok
W 2.8444 3 0.9481 16.7527 ok
R E aEEE 0.2525 3 0.0842 1.4874
R R 0.1698 3 0.0566
S E 0.2682 3 0.0894 1.5795

JeE R I AT BB EE AR AN AT S8 55 R (R R SR R 3, T A 2 U X e e

N2 A5
N W s
X EZR N N & 7K B R 5 TR

WAL /IN,

=/,
i

M ALK o

SN AN o AT RN 3T 2 P AT LU HH S0 e IR S 7 B R/ I
IKYE SR A SR, R RN A7 i) i £ B AR,

MR E RN AT B o Mo, KU & B A T IERES B B TT R EE e fIG,
e 5 1ZACEAT N R ZZ AT J7 22 0 W A A T SR R AR B s 2 73
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BréiR, SR 2T MBUEHY 5 EREr R K8 BRE —8dk. X F
HSIEF F ARG RN G IR PBERT i AR N7 B REm R B R 2, K e &, sk
N e AR N AT B M BN R 2, A A B e Al G S S

P R KU BE IR A SR B I T s, BEAT S R A n F R
Fa, BEAKYE S AR BUET S e BRI ikt kAR e 2 mm BLF,
b & R N AE A AL AT A URL S BN, At Aok B 2R = 2R K 2R I 2 A
S LUy HL B E 058, 3 2R A R FE e T I BT DR RT R DUERRR, TR,
B b A R G ISR 8 T AR BRI DA T 28R4 £ JBT AT LA A R R
FERBUNKNGT Ry W fAEsE, adE. KESE, REMKIBZZNH
P AR H e R AR

MR LR AT Mo, K & A T INERES B I TR B A I,
e AR EAR N R Z BT T 2004, M A SR S IR TT Z 0
BréiR, SRRV MBUEHY 5 ERA R 8 A —8ik. XEF
E5 105 F AR E /NS IREEXPRGE R B m B R 2, A&, sk
B EAKYE S B R BT R .

4.5 RE /& (Summary of this Chapter)

A B E L SIS BRI 1 16 L7 R HTR R 5 AR 1R E, A
RN 5 7 Z o A A th 1 AN R RHEC U 78 SR b B} ) 22 5 AR 1 RE I
UEPSRE 8

(1) ZHOFEFT G RO B RIEA R 3 224, DU REHER |
Ay RN, R 2 T B BRI RRAE o IX T BE S BT A EOR R AR
HALBREE 3 AT AN FEL

(2) F AR FE 5 5 HA S BT 52 s ma R AR AL, i K Ve 2 B R0 FE 1 38 i 2
Tt, BERA S BN RE R TE, BA RS BRI ISR T . KIS EMN
8% 14%7KF, Ja PR FHME H 0.52 MPa _FF+% 1.91 MPa, 4 2%7K7E
B BT RS SRR T35 S5% PR T, R RS T R I R 3R . AR
SHIRFE, WREEW R R RE W . HARR RIS B0 ) 0m B B SmE/N o EXt
J1sPERE TR bR, KB A IRIE TR 5

(3) JASE BT UIE - 77 i 2R I B 7 97 g BRI R 2 1 384 K
SANEY B B EERG R 2 R I H B IR AL AR

(4) FFHFDRTT R0 5 345 A A RHEC LG J AR S 7 5 8 BE Z #5072 e
B IR P A2 R JiE RS 70 VRS B R B = B R TR 2, ) 3 B ORI HE
H, FZE R B 7K SRR AN 55 1 () s M K s HAth 20 73 Xt A8 14 RS2 A5,
[ B A B 2 )38 B AR AEORY B2 S ) R
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5 S AT RRAFRE L SR BT LRAZER
3t

S Optimization of The Proportion of High Thermal
Conductivity Filling Heat Extraction Materials and
Design of Heating Lines for Mining

S1FEMBEEMIEERME R (Optimization of Filling
Material Ratio and The Optimal Scheme)

5.1 KEmMAR

P BT PR BT (SR IR e . AT SE DL R R

(1) 5P SHE S IR EFRIRI, A% TR AP RC L AT & 24 52 T
AESHATE.

(2) BEXE g5 ReAa bR, KU & BBk S P o ARk S, T L R A T
5, Wk (FEVRED WATE SR TR R A TR —.
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Figure 5-1 The variation trends of mechanical and thermal physical properties with curing time

and rheological properties with standing time
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Figure 5-2 Rate of heat evolution of a typical OPC measured up to 72 h.
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Figure 5-3 Schematic diagram of the neural network model structure
BEMEMBEIARSHON: BN ERBEN 10025, FEER 1=0.01, YLk
IR P 2B 1R 2R YRR R AE AL 10% Y0 B AN o A 22 W0 28 AR TR 31| ZR 45 AU 4 ]
5-4 oo DU IENAGIE N ZREEAE S 46 DUIZRA I ZREE Y75 1% % MSE F¢
LERAETE 0.0256 LAR, WA T 1% % MSE 163 0.017, TEREMR. HEAUTERE
PEAETRFR N, AR RE RME G H T 0.98 (0.98<R><1) . XLLHEHRIESARAY
B 1 5 S0 St ) S e R A SR A, EIAIE T TR T B L Bz A BE )

I%: R=0.98271 ilik: R=0.98696

o & o ot
/\ J

Hitlh ~=0.96*H b + 0.049

it ~=0.97* Hix + 0.04

Kl 5-4 BRI 2545
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Figure 5-5 Thermal conductivity surface graph (concentration: 50%)
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Figure 5-6 Thermal conductivity surface graph (concentration: 50.5%)
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Figure 5-7 Thermal conductivity surface graph (concentration: 51%)
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Figure 5-8 Fill the layout of the heat collection system lines
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Figure 5-9 Schematic diagram of the filling heat collection system
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6 Conclusion

6.1 FEZ51 (Main Conclusion)
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Manufacturing of nano-enhanced shape stabilized phase change materials
with montmorillonite by Banbury oval rotor mixer for buildings applications

Rebeca Salgado-Pizarro Laia Haurie b a, Marc Martin , A. In” es Fern” andez a a
Adela Svobodova-Sedlackova , Camila Barreneche aa, *

ABSTRACT

The use of adequate thermal energy storage (TES) systems has shown the potential
to increase energy efficiency in many fields, such as the building sector. Shape-
stabilized phase change materials (SS-PCMs) have attracted attention to address one of
the key barriers of phase change materials (PCMs), the leakage during the liquid state,
that nowadays limits its applicability. However, SS-PCMs still have drawbacks to
overcome, such as poor fire reaction and thermal stability. In the present study,
polymeric SS-PCMs are nano-enhanced with layered silicates to overcome these
drawbacks. The new shape-stabilized nano-enhanced phase change material (SS-
NEPCM) is based on ethylene propylene diene monomer (EPDM) as a polymeric
matrix, palmitic acid (PA) as PCM and montmorillonite (MMT) as the layered silicate.
An innovative method based on a Banbury mixer was used to prepare it, which is an
industrially scalable fabrication method. To evaluate the effect of each component,
eight different formulations were prepared: pure EPDM, EPDM with MMT additions
(1 wt%, 3 wt% and 5 wt%), EPDM with PA additions (5 wt% and 10 wt%) and EPDM
with MMT (3 wt%) and PA additions (5 wt% and 10 wt%). The composite materials
obtained were not degraded by processing as FT-IR results show. The results obtained
by X- ray diffraction showed that an ordered intercalated morphology is formed
between EPDM chains and MMT. Thermogravimetric experimental results revealed an
increase in the thermal stability of SS-NEPCM as a result of the barrier effect provided
by MMT. Moreover, SS-NEPCM fire resistance was improved with a great reduction
or avoidance of the dripping phenomenon.

Keywords: Thermal energy storage (TES) Shape-stabilized phase change
materials (SS- PCM) Shape-stabilized nano-enhanced phase change material (SS-
NEPCM) Phase change material (PCM) Montmorillonite (MMT) Polymer layered
silicate (PLS) Nanocomposite
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1. Introduction

According to the International Energy Agency [1], the world energy consumption,
which is the total energy produced and used by the entire human civilization, grew by
2.3 % in 2019. In the current energy sce-nario, all possible projections foretell that this
trend will be maintained in the following decades. On top of that, the energy demand is
mainly satisfied by non-renewable energies; renewable energy sources only covered
one-quarter of 2018’s global energy demand growth [2]. The building sector has one of
the greatest decarbonisation potentials, particularly in Europe heating, ventilating and
air conditioning (HVAC) services represent a remarkable 50 % of the total buildings
energy consumption [3]. In this respect, thermal energy storage (TES) is considered a
cross-cutting technology [4] that can increase energy system flexibility and facilitate
renewable energy implementation. Thermal energy storage, and phase change materials
(PCMs) in particular, can decrease HVAC energy consumption in buildings. PCMs
enable the storage of a large amount of heat in a short temperature range by means of
latent heat. Fatty acids show great properties to be used as PCM, such as congruent
melting, high heat capacity, low vapour pressure, non- toxicity, low cost and small
volume change [5]. Despite these great advantages, fatty acids have a low flash point
and do not show good fire reactivity [6]. One of the main drawbacks of PCM technology
that usually restricts its application is the management of the PCM in the liquid state.
In this regard, researchers have followed different approaches, such
asmicroencapsulation or PCM stabilization. Shape-stabilization of phase change
materials (SS-PCMs) can avoid this issue containing the liquid PCM in a matrix.
Materials with very different chemical natures can be used as matrices, such as
inorganic cementitious materials [7] and carbon-based materials including nanoscale
materials [8]. The use of polymer as matrix still has problems to be addressed, such as
low thermal stability, poor mechanical properties, slight leakage over cycling, and
flammability [8].

Nanocomposite materials, based on polymer layered silicate (PLS), could have the
potential to overcome several latent heat storage chal lenges, such as the polymeric SS-
PCM leakage, thermal stability and fire reactivity. The fundamental idea of dispersing
a layered silicate, also known as phyllosilicate or clay, within a polymer is to obtain a
poly meric matrix with homogeneously dispersed inorganic plates with a nanoscale
thickness. The aspect ratio, the chemical composition and the dispersion degree of the
clay considerably affect the final properties of the nanocomposite. The preferred
structure is exfoliated since the effi ciency of the reinforcing agent is proportional to its
degree of dispersion [9]. Thus, the modification of the clay is required to obtain the
desired exfoliation of the clay layers in the polymer matrix. Even with the low content
of reinforcing material, layered silicates can provide key prop erties to polymeric SS-
PCM, such as higher thermal stability, and enhanced mechanical and barrier properties
[9]. In addition, in ther moplastics even modified with flame retardant additives,
dripping of the flaming melt is an issue [10]. The nanostructures formed by the clays
acting as a barrier have the potential to address this dripping phenom enon. Nonetheless,
up to now, only two studies have been carried out regarding SS-PCM nano-enhanced
by layered silicates.
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Cai et al. [11] prepared a nano-enhanced SS-PCM based on high- density
polyethylene/ethylene-vinyl acetate (HDPE/EVA) as a matrix, paraffin as a PCM,
organophilic montmorillonite and an intumescent flame retardant. The authors prepared
organophilic montmorillonite by cationic exchange of natural counter ions with
hexadecyl trimethyl ammonium bromide (C16). The X-ray analysis and transmission
electron microscopy confirmed that an exfoliated nanostructure was achieved. The
authors also demonstrated that the adequate dispersion of the PCM within the three-
dimensional polymer network prevented leakage [12]. A similar work published by
these authors [13], studied magnesium hydroxide and microencapsulated red
phosphorus instead of intumes cent flame retardant, which lead to improvements in
terms of thermal and flammability performances. Such improvements are the result of
the synergistic effect between these flame-retardant additives and MMT.

In the present work, a shape-stabilized nano-enhanced phase change material (SS-
NEPCM) based on layered silicates is developed with an emphasis on industrially
scalable methods. A Banbury mixer was used for the preparation, it is one of the most
used technologies for rubber mastication and mixing. The nanocomposite material is
composed of ethylene propylene diene rubber (EPDM) as a polymeric matrix, a pal
mitic fatty acid PCM and montmorillonite as the layered silicate. EPDM presents good
crack resistance and weather resistance, which make it an ideal material for several
building applications, such as membrane or coating for roofs and components for the
HVAC system. The novelty of the work relies on two aspects the preparation method
used, and the materials involved. The main objectives of this study are to develop a
completely new type of SS-NEPCM based on PLS with an industrially scalable method
and carry out an exhaustive characterization to un derstand properly the interactions
and synergies between the polymeric matrix, the PCM and the layered silicates.

2. Experimental procedure

2.1. Materials

The SS-NEPCMs are composed of three main components: a polymer, an organic
phase change material and layered silicates. The polymer, ethylene propylene diene
monomer (EPDM) rubber, acts as a matrix embedding the phase change material and
the nanostructures. The EPDM rubber (Vistalon™ 2504) was provided by ExxonMobil,
which is an amorphous terpolymer with low ethylene content (57.5 wt%) and ethylidene
norbornene (4.7 wt%). Palmitic acid, CH3(CH2)14COOH was purchased from Merck
with >99 % of purity. Palmitic acid has a melting point of 60.45 +0.14 C and latent
heat 0£221.42 J/g +1.65 J/g [14]. The layered silicate used was montmorillonite (MMT)
trade name Nanomer® [.44P, provided by Sigma-Aldrich, which the mean particle size
is 14-18 um provided by the product specifications. It contains 35-45 wt% dimethyl
dialkyl (C14-C18) amine as a surface modifying agent. The basal distance of silicate
layers (d001) is 24-26 A.

2.2. Sample preparation
In this study, 600 g of each formulation were prepared. EPDM was added to a
laboratory-scale Banbury oval rotor mixer from Werner & Pfleiderer Bakery
Technologies and then additives were weighted and added according to the established
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formulations (see Table 1).

Thus, the mixtures of EPDM and either MMT or PA are heated and mixed inside
Banbury. Afterwards, the resulting low viscosity material was rolled using a hot rolling
mill (80 °C), and 0,5 cm thick sheets were obtained. MMT was added first in the
formulations that contained both components (i.e., MMT and PA) since better mixing
results were ob tained using this procedure. Table 1 shows the prepared formulations
and the expected latent heat storage capacity. It was estimated using the rule of mixtures
and taking 221.42 J/g as the PA latent heat.

FF i 24 FR EPDM(Wt%)  ZEBiA(Wt%)  AEHEER (Wt%)
EPDM 100 - -
EPDM+1%MMT 99 1 -
EPDM+3%MMT 97 3 -
EPDM+5%MMT 95 5 -
EPDM+5%PA 95 - 5
EPDM+10%PA 90 - 10
EPDM+10%PA+3%MMT 87 3 10
EPDM+5%PA+3%MMT 92 3 5

2.3. Experimental characterization

X-ray powder diffraction (XRD) was used to determine the dispersion state of
silicates within the polymer. Measurements were carried out using a PANalytical X Pert
PRO MPD 60/8 powder diffractometer of 240 mm of a radius. Cu Ka radiation (A
=1.5418 A), a voltage of 45 kV and a tube current of 40 mA were used. The
measurements were obtained in continuous scan mode and the 26 range from 1°to
40-with a step size of 0.026°20 and a measuring time of 300 s per step. To study the
thermal stability of the materials thermogravimetric analyses (TGA) were carried out
with a TA Instrument (SDTQ600, New Castle, Delaware, USA). The TGA was
performed under 50 mL/min air flow. The heating rate used was 10 °C/min from 50 -C
to 600 °C. Opened 100 p L alumina crucibles were filled with around 12 mg of sample.

Differential scanning calorimetry (DSC) analysis with DSC 822e¢ from Mettler
Toledo, was used to study the thermophysical behaviour. The DSC was performed
under a N 2 10 ° C/min from 20 ° C to 90 ° f lux of 50 mL/min, with a heating rate of
C. 40 p L aluminum closed crucibles with around 8 mg of sample were used. The
cooling process of these materials is not studied based on previous experiences [15,16].

Changes in the chemical functional groups may be produced by undesired
chemical degradation and are evaluated with Fourier- transform infrared (FT-IR). The
FT-IR analyses were carried out in a Spectrum Two™ from Perkin Elmer (Waltham,
Massachusetts, USA), coupled with attenuated total reflectance (ATR). It was
optimized for a wavenumber range between 4000 cm 1 and 500 cm 1 . The data
recorded for each analysis is the mean of four infrared scans (Spectrum 10™ software).
Fire reactivity is evaluated by two means. In the first place, a radi ation test taking into
consideration UNE 23721-90 recommendations was performed considering that
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the material has a thickness higher than 5 mm. Square-shaped samples (90 mm x
90 mm x 10 mm) were exposed to a heat lamp radiating with a heat flux of 3 W/cm 2 .
When ignition starts radiation is removed and ignition time measured, this procedure is
repeated for 5 min or until the complete combustion of the material. Moreover, dripping
was evaluated taking into consideration UNE 23725-90 standard guidelines. In the
second place, limit oxygen index (LOI) was measured following the UNE-EN ISO
4589-2. LOI is the minimum concentration of oxygen that a specimen will support com
bustion under the criteria defined in the standard. In this test, samples were maintained
vertically inside a glass chamber, where O 2 f low under a controlled ratio at 23 - C +
2 o and N 2 C. The top of the sample was ignited under different O 2 /N 2 ratios to
determine the LOI. A para magnetic analyser with an accuracy of 0.5 %, when the flow
velocity is 40 mm/s + 2 mm/s, was used. For statistical purposes, five specimens with
type I shape (90 mm % 9.5 mm x 4 mm), were tested under described conditions.

3. Results

3.1. Dispersion state

The dispersion state studied with XRD is determined by the com parison between
the diffraction peak position of the MMT and the MMT inside the polymer. Bragg’s law
(nA = 2d sin 0) relates the measured angles of incidence (0) and interlayer spacing (d),
so the shift of a diffraction peak towards a lower value indicates an increase in this
interlayer spacing.

EPDM
—MMT
——EPDM + 1% MMT
EPDM + 3 % MMT
—— EPDM + 5 % MMT

1.5 2.0 2.5 3.0 3.5 40 4.5

Angle 26 (%)

Intensity (a.u.)

®: B T B R B Ze ¥ B W v K N Wy Y B N B Te ol NenlinegRe ol

LR
3 6 9 12 15 18 21 24 27 30 33 36 39
Angle 26 (°)
Fig. 1. X-ray diffraction patterns of EPDM, MMT, EPDM + 1%MMT, EPDM -+

3%MMT and EPDM + 5%MMT.

Notice that the position of the diffraction peak d001 was found at low angle values
and it is related to the extent of the basal spacing. XRD measurements were taken on
powdered MMT, EPDM, EPDM + 1% MMT, EPDM + 3% MMT and EPDM + 5%
MMT. Hence, the clay basal spacing can be measured, and so the degree of clay
dispersion within the polymer determined.
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As Fig. 1 shows, EPDM presented a low crystallinity phase, being the main phase
amorphous. The basal reflection of MMT located at 26 = 3.04 (d001) corresponds to an
interlayer distance of 2.90 nm. The EPDM + MMT formulations basal diffraction peaks
are shifted to lower angle values. It corroborates an increase in the basal spacing (d 001 )
due to the intercalation of the polymer chains within the silicate layers. The basal
spacing of EPDM + 1% MMT is 3.85 nm, which represents an inter- gallery distance
increase of 0.95 nm, an increase of 32 % compared to pure MMT. The basal spacing
increase of EPDM + 3% MMT and EPDM + 5% MMT was 0.85 nm (22 %) and 0.54
nm (14 %), respectively. Despite basal spacing being increased due to polymer
intercalation, these strong peaks indicate that the silicate layers are stacked in crys
tallographic order inside the EPDM [17]. Additionally, as MMT content increases from
1 wt% to 5 wt% the relative intensity of the peak in creases and the basal space increase
is slightly reduced.

Although the basal distance was slightly increased, the amount of intercalated
polymer was not high enough to split completely the layers away from each other.
Therefore, the total exfoliation of the nanoclay was not achieved in the case of MMT d
001 , it is estimated to collapse at around 4.10 nm [18]. Considering the increase in
basal spacing, i.e., | nm maximum, it is suggested that an intercalated nanocomposite
structure was obtained. The polymer chains are inserted into the gallery spaces between
the silicate layers, in these nanocomposite materials.

3.2. Thermal characterization

3.2.1. Thermal stability

Thermal stability is considered of crucial importance when designing a thermal
energy storage (TES) system [19]. TGA has been performed to essentially study two
aspects; the thermal decomposition of the SS- NEPCM and to ensure that the initial
degradation temperature is higher than the PCM working temperature.

The degradation of the materials under study consists of three steps as shown the
Fig. 2. The first stage starts at 250 o C being this temper ature the maximum working
temperature of those materials under study. This temperature is higher than the
maximum working temper ature required for building applications. The first stem of
thermal degradation is shown from 250 to 325 o C, is the minor weight loss stage, 10
wt%, due to the degradation of the low molecular weight substances that the EPDM
contains [20]. The second stage, from 325 to 450 o C, which accounts for 80 wt% of
mass loss is the fastest stage that happens due to the decomposition of the EPDM [20].
Moreover, this stage has overlapped the decomposition of the PA [21]. Finally, the third
stage, from 450 to 550 ° > C and 100 ° C, is similar to all the formulations and ends with
a char residue. It is also important to note that the hydrophobic character of EPDM [22]
was confirmed since
The thermal decomposition of the MMT containing samples is improved compared to
the pure EPDM, in the second degradation stage. This behaviour can be explained by
two synergetic mechanisms provided by the intercalated clays, MMT. First, intercalated
silicate layers increase the mean free path inside the bulk polymer slowing down
oxygen input and generating volatiles output. This barrier effect decreases the thermo-
oxidative degradation kinetics. Second, the thermal resistance
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effect, which may slow down the sample heating [23,24]. Nevertheless, analysing
the MMT containing formulations results in Fig. 2 (a) it is important to note that the
further addition of clay (>5 wt %) probably will not provide superior thermal
performance.

(a) 100 - -
[ ‘ —— EPDM
90 - " ——— EPDM+ 1% MMT
! . : ——— EPDM+ 3% MMT
80 ' : —— EPDM+ 5% MM
- ' | '
70 - ‘ | |
- ' | |
' | 1
~_ 60 - ' \ |
e )
?: h ' : :
» 50 ' ' !
o ' 1 I
o 1 ' | |
Z 404 : : :
- ' 1 1
30 - ‘ : ;
‘ ' 1 |
20 - ‘ : |
i L ] 1
10 - '
) G . B -
S0 100 150 200 250 300 350 400 450 500 3550 600
Temperature (°C)
(b) 100 -
E ——— EPDM
90 - EPDM+ 5% PA
q ' ——— EPDM+ 5% PA
80 4 ' ' + 3% MMT
70 ! : —— EPDM+ 10% PA
i : : —— EPDM+ 10% PA
' ' +3% MMT
e %0 : : :
S | - '
A 504 : .
[+ 9 ' ]
> 40 - :
30 : :
20- : ! .
. ‘ Stage | : Stage 2
10 e e
4 ' 1 —
0 LR A A : LN N | . | AL : S =
50 100 150 200 250 300 350 400 450 500 550 600

Temperature (°C)

Fig. 2. Thermograms, wt% mass loss as function of temperature, of EPDM and
a) EPDM + 3% MMT, EPDM + 10% PA and EPDM + 10% PA + 3% MMT. b)
EPDM + 3% MMT, EPDM + 5% PA and EPDM + 5% PA + 3% MMT.

For the PA containing formulations, the thermal decomposition is accelerated compared
to pure EPDM, Fig. 2 (b), the higher the PA content the faster the thermal degradation.
In addition, the initial degradation temperature is reduced, so the first degradation step
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that the EPDM formulation had a weight loss of 1.06 wt% at 250 °C while EPDM
+5% PA lost 4.86 wt%, hence, the 76 % of the PA addition was lost at this temperature.

Moreover, in Fig. 2 (a) can be seen the comparison between the PA formulations
and SS-NEPCM formulations, where the MMT addition improves the thermal stability
in the second degradation step. There fore, the 3 wt% MMT content is able to thermally
stabilize the polymer but not the PA inside the polymer. The stabilization of the polymer
degradation is in accordance with other works, Fitaroni et al. [24] also demonstrated
that MMT acts as a stabilizer agent in polypropylene (PP) after this temperature.

All the materials under study are considered stable 20 °C above palmitic acid phase
change (83 °C), so no thermal degradation is ex pected in operation conditions.

Notice that, the samples that have MMT content also have a small residue when
the TGA experiment ends that correspond to the MMT content. In addition, the
differences in this residue content in Fig. 2 (b) are due to a sample issue and it is
absolutely normal when several samples of composite material are under study.

3.2.2. Thermophysical characterization

The results obtained by the DSC in this study are summarised in Fig. 3. The results
show that all the materials containing PCM have the characteristic phase change peak
response (endothermic, therefore, obtained during the heating process). The
quantification values of each melting peak are listed in Table 2.

EPDM
0,024 ——EPDM + 5% PA
——EPDM + 107 PA
——EPDM + 1% MMT
0,01 4 EPDM + 3% MMT
—— EPDM + 5% MMT
EPDM + 5% PA + 3% MM
0,004 ——EPDM:+ 10% PA + 3% MMT P

Pyt

“‘_--‘\‘w\__f"""—- -W_/.-"-

0,01 “W

-0,02

Heat Flow (W/g)

-0,03 4

-0,04 4
30 35 40 45 50 55 60 65 70

Temperature (°C)

Fig. 3. Heat flow vs. temperature of EPDM samples variating their composition
with MMT and PA.

Table 2
Enthalpy of fusion and temperature values.
Sample Temperature peas ("C) Enthalpy (kJ/kg)
EFDM + 5% PA 47.6 10.1
EFDM + 10% PA 57.6 21.7
EPDM + 5% PA + 3% MMT 45.9 8.2
EPDM + 10% PA + 3% MMT 51.9 21
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The peak temperature of phase change and the melting enthalpy (kJ/ kg) are
included in this table since it is the reference temperature for organic phase change
materials characterization. The results showed that the materials with 10 wt%. PCM
has around 20 kJ/kg, proportional amount expected from the theoretical value
calculated following the mixture law [25], corroborating that there is no loss of PCM
during the material preparation. Based on previous results [26], the peak temper ature
is slightly higher when the formulations have more PCM. This is due to the interaction
between the PCM with the EPDM matrix.

3.3. Chemical stability

FT-IR was performed to analyse the chemical stability and to control possible
chemical degradation of the polymer during their processing, due to the relatively
extreme conditions suffered by the components inside the Banbury (i.e., high shear
forces and temperature). It can be monitored by the partial or total disappearance of
characteristic IR peaks, or the appearance of new peaks associated with, for example,
thermo-oxidative processes.

Characteristics IR peaks of EPDM were represented in Fig. 4 (Black Line). These
peaks were the characteristic peaks of the three repetitive units that form the employed
EPDM (terpolymer of ethylene, propylene and ethylidene norbornene). In the high
wavenumber region (4000 to 1500 cm1), the 2922 cm1 and 2853 cm1 peaks can be
associated with C—H stretching. Meanwhile, in the fingerprint region (1500 to 500 cm1)
the band at 1470 cml is associated to C—H scissoring [27], 1377 cm1 to C—H methyl
rocking [27], 911 cm1 to the vinyl C—C [27,28], and 724 cml to long-chain methyl
rocking [28].

—— EPDM + 10% PA + 3% MMT

. EPDM + 10% PA

e —

— V) A M
V lf /,#.’1‘!' ‘\ Af‘// ‘([

|
\T
{

{
|

EPDM + 3% MMT

W
1724 cem’

\ 4
911 cm

{ —EPDM

Transmittance (a.u.)

v

1377 cm’”

v
2853 em’

y 1
1470 cm

v 1
2022 ¢cm’”

3000 2400 1800 1200 600

-1
Wavenumber (cm )

Fig. 4. FT-IR spectroscopy results for EPDM, EPDM + 3%MMT, EPDM -+ 10%
PA and EPDM + 10%PA + 3%MMT.
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For comparison purposes, EPDM, EPDM +3% MMT, EPDM +10% PA and
EPDM +10% PA +3% MMT samples were represented in Fig. 4. As it can be seen in
Fig. 4, palmitic acid containing formulations show two characteristic peaks, one sharp
peak at 1701 cml attributed to the carbonyl C—O stretching mode and a broad band
comprised between 3650 cml and 3590 cml related to OH vibrational modes. In
addition, the peaks of -C—O- stretching (ester) can be identified between 1238 cm1 and
1165 cml [29].

MMT characteristics bands appeared superimposed with EPDM bands, only in
EPDM +3% MMT it can be observed at 1032 cml1 and 521 cml [13]. The 1032 cml
peak does not appear in the EPDM +3% MMT FT-IR results due to the detection limit
of the ATR accessory. As EPDM and EPDM +3% MMT spectra shows, EPDM does
not suffer important chemical modifications due to the MMT addition.

Furthermore, peaks associated to degradation processes were not identified and all
the characteristic peaks of the compounds used remained after processing, as a result,
it can be concluded that no chemical degradation was suffered during processing.

3.4. Fire reactivity

Fire is a complex exothermic process that involves combustible material and an
oxidant, usually, atmospheric oxygen, accompanied by heat release, light and various
reaction products. The chemical nature of polymers, usually long hydrocarbon chains,
defines their flammability reaction. In many cases, for safety reasons, plastic
flammability is an important issue in several applications such as textile, buildings,
trans portation and furniture. The fire reaction considers the performance of a material
when it is exposed to radiation or a direct flame.

The flammability evaluation of the eight formulations was assessed by an LOI test
and a radiation test. Table 3 presents the LOI and radiation test results of the EPDM
based materials.

Table 3
Results of Limit oxygen index (LOI) based on UNE-EN IS0 4589-2, and radiation
test based on UNE 23721:90 and UNE 23725:90.

Formulation LOI [vol Radiation test
%] Ignition to char time Dripping start time
(min:s) (min:s)
EFDM 19.5 + 2:33 311
0.5
EPDM -+ 1% MMT 20.5 + 2:27 4:18
0.5
EPDM + 3% MMT 2005 + 2:29 n.d.
0.5
EPDM -+ 5% MMT 22.0 + 2:32 n.d.
0.5
EPDM + 5% PA 16.5 + 1:43 2:01
0.5
EPDM + 10% PA 16.0 + 0:54 1:23
0.5
EPDM + 10% PA + 3% 19.0 + 1:07 2:10
MMT 0.5
EPDM -+ 5% PA + 3% 19.0 + 1:54 2:46
MMT 0.5

n.d.: non-dripping performance

The LOI value of pure EPDM was 19.5 vol% O2, which agrees with the data
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reported by other studies such as 19.5 vol% [30] and 20.5 vol% [31]. The
incorporation of 1 wt% and 3 wt% of MMT resulted in an LOI enhancement to 20.5
vol%, whereas the addition of 5 wt% exhibited a greater increase up to 22.0 vol%. The
EPDM +5% MMT showed the highest LOI value and the only sample with an LOI
value higher than the concentration of oxygen in the air (21 vol%). Thereby, the LOI
value was drastically reduced for the PA formulations from 16.0 vol% for EPDM + 10%
PA to 16.5 vol% for EPDM +5% PA samples, respectively. The PA and MMT
combination led to LOI values (19.0 vol%) close to pure EPDM (19.5 vol%). Thus, the
3 wt% MMT that contains these two formulations (i.e., EPDM +10% PA +3% MMT
and EPDM +5% PA +3% MMT) is able to counter PA described phenomenon. This is
explained taking into account the barrier properties provided by MMT.

PA has a relatively low flashpoint (206 °C), that is, given an ignition source, the
lowest temperature at which vapours of the material will ignite. Therefore, the
intercalated MMT inside the polymer matrix is able to effectively reduce oxygen
availability and hold the generated vapours by increasing its mean free path.
Nevertheless, to meet the requirements of self-extinguishable a material must achieve
an LOI value higher than 26 vol%, and it was not achieved in any formulation under
study.

In the radiation tests, all samples were completely burned to char residue in less
than 3 min of the experiment. Nonetheless, value infor mation can be retrieved from
the fire reaction performance. As it can be seen in Table 3, MMT content slightly
reduced the time to final ignition. It is in concordance with a previous work [32], which
studied poly (methyl methacrylate) (PMMA)/montmorillonite (MMT) nano composite
fire retardancy where they stated that ignition times for PMMA/MMT nanocomposite
were early than virgin polymer due to the decomposition of MMT clay at a lower
temperature.

In contrast to MMT, PA greatly reduced this time by almost 50 s in the EPDM +5%
PA formulation and around 100 s in the EPDM +10% PA formulation. The addition of
3 wt% MMT increased the time required for the ignition to char of the formulations
that contain PA (i.e., 5 wt% and 10 wt%) around 10 s. In contrast to ignition to char
time, even a small amount of MMT (e.g., 1 wt%) improves dripping time, delaying this
fire propagation phenomenon by almost 2 min.

The formulations containing 3 wt% and 5 wt% MMT do not show dripping during
the whole experiment. While EPDM +5% PA and EPDM +10% PA dripped after around
20 s of the ignition time, EPDM + 5% PA +3% MMT and EPDM +10% PA +3% MMT
required around 2 min more to start it. It can also be explained by taking into account
the barrier effect provided by the intercalated silicates that acted as a pro tective wall
reducing heat and mass transfer [32]. Additionally, a lower smoke production was
observed in formulations that contained MMT compared to the ones formulated without
MMT.

As a summary, the results of radiation tests demonstrated that the addition of MMT
does not cause a significant improvement of ignition to char time. An increase in the
ignition time is desirable. However, the addition of layered silicates is not always
achieved. This is because the mechanism of action of these nanostructures is by a mean
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free path in crease, and so it reduced dripping and delayed flame propagation
instead of the ignitability in atmospheric conditions (21 vol% O 2)).

4. Conclusions

In this work, it has been demonstrated that a scalable method based on the Banbury
mixer can be used to develop a new SS-NEPCM with a rubber matrix, by the
manufacture of eight formulations based on EPDM with different content of MMT, that
acts as a nanocomponent enhancer and PA as PCM component. The main outputs of the
present research are listed below:

- The demanding processing conditions did not degrade the composite materials
obtained, as shown in the FT-IR results. Moreover, the synergies between EPDM, PA
and MMT were also studied, which is outstanding data for researchers in the field since
these combinations have not been reported before in the literature.

- An intercalated structure is obtained by the XRD results, unlike full exfoliated
structures, in intercalated structures, the silicate layers remain ordered with the polymer
chains inserted into the space between.

- MMT could effectively improve thermal stability, although this phenomenon is
emphasized at high temperatures. Nevertheless, the initial degradation temperature is
higher than the PCM phase change temperature, so the thermal stability is not
compromised within the working temperature range.

- The samples containing PA increase their thermal storage capacity in proportion
to the amount of PA added. The one containing 10 wt% can store around 20 kJ/kg of
latent heat. Therefore, MMT does not affect the thermal energy storage capacity.

- The LOI value greatly increases by the content of MMT, however in the 5.0 wt%
PA sample the value decreased down to 16.5 vol%, but with an addition of 3 wt% MMT
the LOI values are almost re- establish. Despite the great enhancements observed, any
formula tion reached the self-extinguishing grade. In the radiation test, it was
demonstrated that MMT does not significantly alter ignition time. In contrast, dripping
which is a key propagation mechanism in many building fires was reduced or avoided.

In the light of the results of fire reactivity tests, MMT should be considered as a
reinforcement when preparing rubber-based SS-NEPCM. Additionally, it presented an
acceptable balance between PCM content, f ire reactivity and thermal stability.
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80 EPDM+ 5% MM
4 '
704
_ 60 -
» 504
v
4 <
= 404
304
2 ] l
“0_: Stage 1 1 Stage?2 Stage 3
10 4
0

| 1 ) 1 T T L] T L T
50 100 150 200 250 300 350 400 450 500 550 600

Temperature (°C)

(b) 100 .
~—— EPDM
90 EPDM+ 5% PA
~—— EPDM+ 5% PA
80 F 3% MMT
—— EPDM+ 10% PA
70 —— EPDM+ 10% PA
~ 604 _+3% MMT
S J i
» 50
N
]
= 404
30
20 ' ' '
‘ Stage | : Stage 2 ' Stage 3
10 —————————— p————————— e o]
3
0 : ‘ : :

T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600

Temperature (°C)

Kl 0-2 EPDM M HE SR RE 2 (FREwik | 7 bR E RS R)
a) EPDM +3% MMT. EPDM +10% PA J EPDM +10% PA +3% MMT 1k %
b) EPDM +3% MMT. EPDM +5% PA K EPDM +5% PA +3% MMT £ &

W 2b)iR, AHECT40 EPDM 1A &, WINFRIAEE (PA) FOECTT ik 7 #4
orfid e, H PA BRI IARE MRS . R, AORMTAA B 2 AR
——% PA BCJ7 5 — BB BB MG IR 3 T 50°C (200°C). A1 S, 4 EPDM
7 250°C I i B 121X 1.06 wt%, 1] EPDM+5% PA & R I C. 45 2% 4.86 wt%,
KIZEE T 76%) PA 5 B0 k.

EE 6 LB 2(a)F PA it /55 SS-NEPCM fic /5 R fh 26 T %1, MMT K51
N ERTE TARHE S B Be i zoe . Rk, 3 wt% MMT BIEsIngeS
FoE BE IR INEMRAT R, (AT E7E T AR BB PA FvisoE PR TG 235 DG4
H. ZRAEWRERNS ARS8, Fitaroni & 7MIEL SN HIER NG

(PP) A& 2 H TiZ BE X [ B A e e FI D Re

BT A R E AR R A AR IR (83°C) LB 20°CAIRFRfa 2, RISbr T
DU RAREER . TR H8H, & MMT Ff 5L 78 A SLIG &5 RN 5k i > Bk R,
HES MMT @ INEMAF. B 2(0)H A FIEC 77 5k B 2 30N 22 7R TR i 2%
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AR EAE RS, XEESMEE R TR T IEEIR.
3.2.2. #ArERE

AR FE T R RER (DSC) MR R aTE 3. HukEEr, A&
FHARAPEL (PCMD A 535 52 DURFAE VAR AR R B O Fad B2l . &k R
FA S T B o BT 45 SRR LK 2.

EPDM
0,024 ——EPDM + 5% PA
——EPDM + 10% PA
——EPDM + 1% MM
0,01 EPDM + 3% MMT
—— EPDM + 5% MMT
EPDM + 5% PA + 3% MMT
] ——EPDM+ 10% PA + 3% MMT I
0,004 _— o A e

-0,01 -W

-0,02 -

Heat Flow (W/g)

-0,03

-0,04 4

T T T T T T T
30 35 40 45 50 55 60 65 70

Temperature (°C)

Kl 0-3 EPDM K& HE &R 2~ s il gh

RS EAE(E S R E

I AE L E (C) Fe1E (k)/kg)
EPDM+5%PA 47.6 10.1
EPDM+10%PA 57.6 21.7
EPDM-+5%PA+3%MMT 45.9 8.2
EPDM+10%PA+3%MMT 51.9 21

Frh B A AR R BT R R Rl (kJ/kg) F& RAEH WUAHAS AR 24k 25
MARSE KL, & 10 wt% PCM HIE RIGRIIE 2T 20 kI/kg, SHETIRAENVHE
FERAE R LIV G, IESERPRNR A I R R R AR PCM Hii k. 2511 IR i 45
R, MR+ PCM & &30, HARERENEA 75, 1XIHETF PCM 5 EPDM
B AR ) (R AE FLAEH o

3.3. Rt

KA B AR 2 461 (FT-IR) M RMb2ada ek, Wi a0 i 1
IR A AT BE 51 kSR A S Bl —— DR B L Y e L e B ) 2% A RT RE X 4H 4y
38 R St ST o Ak S AR T A AL Z0 AN I S B O, BRI (R AL
YRR B H BT %
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K 4 CREELL) R T EPDM RRIELL AN S, St 8 = I8 L AR (205
M SO SRR UK R s = e 3L 58D R BT IRHIEIR SN . 7R =X (4000
1500 cm™), 2922 cm ™' 5 2853 cm AL I T J& T C-H 4IRS $550IX (1500
500 cm™) H1, 1470 em AL BRI 0T . C-H BY YIRS, 1377 em N H AL C-H
FEAZIREN, 911 ecm B H ZJ&3E C=C &5, 724 co VA B TR H 7R 429 .

—— EPDM + 10% PA + 3% MMT

———EPDM + 10% PA
———

"\I1 i ) ﬂl;—m' 'ae
Ll I| .T
i f '

H‘i EPDM + 3% MMT

Transmittance (a.u.)

| ——EPDM
|

lel om? 724 em’
1377 cm’
bl 1
| 2853 ¢m v
v |
2022 ¢m’' 1470 can
3000 2400 1800 1200 600

-1
Wavenumber (cm )

0-4 4fi EPDM. EPDM+3% MMT. EPDM+10% PA /% EPDM+10% PA+3% MMT i FT-
IR i &

4 Xt 74l EPDM. EPDM+3% MMT. EPDM+10% PA J EPDM+10%
PA+3% MMT {J FT-IR ¥ K. SEAER (PA) MIRCT Bon R AMFRIEIE: 1701
em AL IRBIIE A FRIEE C=0 HAIRZNIE; 3650-3590 cm i IR USCHT X B F2 JE 4R
Ao thAh, 1238-1165 em™ [X [A] AT iR 1| fig H—-C-O—fif 4 ik 5l .

MMT #$#iElg EPDM &SN, XA EPDM+3% MMT 4 2 H ] L4 5|
1032 em5 521 em ALK& . EPDM+3% MMT K5 AR K 3] 1032 cm™
I, 2 ATR PR ARSI R BT 85« %f Bt EPDM 5 EPDM+3% MMT % & 7] %1, MMT
(IR S| % EPDM 244 45 125 4K,

FIT A MR il B RF AR S LE N T 5 38 RV 2R, LA U 281 e A = M AH D BT 0
RN Tk B oA R AR R A S B A
3.4. BRI

WAe s — R AR RITBERIERE , 95 ke Al A RES A ) GE B D2 S A4S0
MEAEH, PR AERE GRS R 2 RN E . REY) CEHE KR
SHEYD AR RE R BAT A T2, BRI SIRIEESI 2
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FEA L ACH M R BN I vh RO E B, MORHE R ST B KA T RIS TE R
PRGBS : MFREAEFEEL (LOD ML S54RI, % 3 23 7 EPDM At
AHP LOI 558 5atas 3.

% 6 EPDM FE#TEHT) LOI 558 5Hll ik 45

Aic 77 LOI[vol%)] S A
RUK B AT [A] T T TT 4R [8]
(min: s) (min: s)
EPDM 19.5+0.5 2:33 3:11
EPDM+1%MMT 20.5+0.5 2:27 4:18
EPDM+3%MMT 20.54+0.5 2:29 n.d.
EPDM+5%MMT 22.0+0.5 2:32 n.d.
EPDM+5%PA 16.5+0.5 1:43 2:01
EPDM+10%PA 16.0+0.5 0:54 1:23
EPDM+10%PA+3%MMT  19.040.5 1:07 2:10
EPDM+5%PA+3%MMT  19.040.5 1:54 2:46

nd. : LHENS

i EPDM [#] LOL{E N 19.5 vol%, 53CHRHGEEAE (19.5 vol%. 20.5 vol%)
—3. WI1 wt% 5 3 wt% MMT { LOI $#27+ % 20.5 vol%, 1M 5 wt% MMT ¥ I
B LOI &M E 22.0 vol%. EPDM+5% MMT i ME— LOI {E#8id 2 < 4
SR (21 vol%) HIFES. AHELZ R, & PA BCJ7 LOI {H SR T F¥: EPDM+10%
PA “4 16.0 vol%, EPDM+5% PA "4 16.5 vol%. 24 PA 5 MMT FLRI (41 EPDM+10%
PA+3% MMT 5 EPDM+5% PA+3% MMT), LOI [B 7+ 19.0 vol%, $£i1 4l EPDM
IKF(19.5vol% ) o LG AT VAR T MMT (KRB RN : EAR PA TN AR (206°C),
{H MMT @it e KA S SRV B, s e fE. TJieH, Fraid
77 LOI ¥ AT 2| H JEAM BAR1E (LOI>26 vol%)-.

FERRST I, B A S SIS AN R 3 254 PR BT 1 i 58 A R e sk AL
WAk HE, ATLAMIARE R NAEREF SRIF A IMMERIGEE . AL 3 FaLUEH,
MMT P ZBE Sk /b 1 e 2 05 K (] e 55eai i T/E—8, IR TR (Fi
NIHERHES) (PMMA) /A (MMT) 4K E A IRRHEAME, MMATiRL, dT
MMT A5 EAEBARIR L T 1) MMT A+, PMMA/MMT 49K 2GR Rk
A ARG . 5 MMT #1J2, PA {15 EPDM + 5%PA J5 1% [a] B
T35 50s, T8 EPDM + 10%PA 75 k021748 100s. A 3 wt%MMT 55 PA
P& R A TR IE K29 10 #0055 fKITAIAH I, BRSO D& MMT (B, 1
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wt% ) WTCERE I E], KX KORAE IR RAEIRIT 2 73 EREASSEEG
T 3wt% 5wt MMT HFIRL T R IR S .  EPDM + 5%PA 11 EPDM +
10%PA 1E ik 20 #0247 B 7%, EPDM + 5%PA +3%MMT F1 EPDM + 10%
PA + 3%MMT J7 ZMFEE KL 2 7pop A BeHIZIN R . 0] DA% 18 2146 A\ A
RRERTRAE I DR BN, AR £ 70 A ORI PERE, D E AL BT, thAh, S5%A
MMT Fefl i A EL,  ZEES MMT F i) 57 o A0 82 2 B i 0 55 72 A

gi b, ARSI B MMT S0 B A B 58T s R Ay B GRARRS L/
SEA VPRI 8], H G T 18 DR 257 R RO AR A A5 o s I R 5% K JE e
M AR BIE RS (21 vol% O2) N IR s kM.

4. &

XTI TAEH, AU T —F3 T UM BIR A 20/ o7 TR
HAEKRBEEFRHTH SS-NEPCM, 1% /7752 Eid 3T EPDM 1/\Fic 7, BAH
AFEF MMT &, %5 BAA AR MMT &8, a7 N9k 4/ sm5 A PA
1ER PCM 414F. A EZLERAE NS H

- W FT-IR R FR, W2 R A SRR E G MR 1Ak, &
W9t 7 EPDM, PA Fl MMT Z [P EIFEH, IX0E T2 40 B it 50 N Sk il &
B, DRI e 2H A 1 AR TE SCRR RS

- JEd XRD S5 5R1S THIAG N, 5 e E MR HAR, ERmARLS
i, R ZE SRR B ARV R T .

- MMT AJ DU R s #ve e 1, RS e sl R o X FhI . 28T,
WIUH BRI =T PCM AHARIR S, DR AE TAR IR B VE A S8 e e 1

- ALE PA IFESL 5N PA SR LL B I T H AL RE 1. — N 10wt%
[N FT LAAFA6 2 20 kI/kg I # . DRI, MMT N2 R2m ke 776 g

- LOIME RGN 7 MMT W& &, HRZLE 5.0 wt%PA FEAT, {HFF(KE)
16.5 vol%, {HIAF 3 wt%MMT, LOI{HJL-FREFEH . Eiaafilh, &
UEH MMT A2 35 B0 s KN E] . AR LG TR, 3 78 8 40 S5 BE R VR 22 3Rk K
H OB ) & SE LA

BT FIR BRI REMIRZE S, MMT 7EAZ IR FE SS-NEPCM ffil] £ 7 i A Sy St
PHIASE SR 5y o AP EMA RTE PCM & &, PEAYERE S5 3 PR IR] SE 0 T R 4
1 o

MR A RE S B R 2 SR, A1 2525 TR ) SS-NEPCM Bf, MMT R4 #1L
NBEBRBHBRIG AL Sy . BEAh, EAE PCM E &, Ky NPERIIGR e 2 Tk R T
A2 )11
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