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Project Summary

Thermal Heat storage (THS) systems have been given lots of
attention in the recent years due to their benefits in reducing the
initial cost and their abilities in storing large amounts of energy
on the other hand. Latent Heat Storage (LHS) systems are one of
the most potential concepts in storing energy using Phase Change
Materials (PCMs). Improving the thermo-physical properties of
these materials is the core heart of this technology. In order to do
that, we need to understand and investigate the crucial parameters
governing the phase change process for which this research is
solely based.

In this research, we have studied the moving boundary conditions
based on Stefan’s condition mathematically and identified the
time function of the moving front experimentally.

In order to define the time function, we have obtained the
solution of Stefan’s equation mathematically and defined the
dimensions of the storage tank that we are going to use in the
experiment by using the simulation software (ANSYS 13). We
have fabricated the tank based on the simulation results, ran the
experiment using pure water as a phase change material and
compared the results with the results obtained from the
mathematical modelling of Stefan’s problem.

The data, we have gathered, were in good match and can be used
in different projects as a corner stone in building latent heat
storage system.

Eng. Feras Eloush
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[Stefan, 1889°] Jilsudl i 4yliy) =

((Bany Ay & Can ) 13 g dag kYY) caad Cum) [Stefan, 1889 adall J<is =
[Stefan, 1889%] ,aull =

Al AR aBl) ol diasall Dy Gl el il Glad) JS
s S [Stefan, 18897 Cullill ¢aadl A e lifie Juagi Uied il
Cpaall Sapa sa 53) el ae alally e Ll Jualdl) mhand) adise Jaysi Al Alall
Bluaii duby 2l e Jl O (sl 3a DA () Olasi (Y (RaglY) o2
caual (moving boundary problems) aSyaiall dpaall dag il alld Ma 34

A syl 3 Al oda pe i goplid (§ykatin g el Al anly o2y Cayad
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POl aa ASjaial) Agaad) ag pid) Alaa iy )li 3-2-1

pB Cua (1891 ale by (lidw A8 Al 4005l ALl Caua gy ol 4yl b
Gihie 3) ads ) Upaie detl By Aoy o i Y 08 ) el slae Jelly it
B —aeadl 13 G Sl elsgd) Bha Aapy o) Olitie sl (dadl) e Ay
ladie claday G5 Caes — 2eatl s a0 b = (Tp) Al ) Cacaidsl Ziai
Ak ASLes cdal Aaglly ol elay elsedl Gn dualill mhull ve JSally adall Ty
e 1k anlin X (6) adal dids ASlew Gl ang LS il Aanly A€ SVl sl
) )l sl S Tatid it el deass Aaiil) o3 o a3l sl 3al

Al a8 (gl liall dnizag

350 dbg & N o (W Y] Aoy wy sl B 3hal) JUal G lasi (ia i)
O daldll mhandl Ba dayy G litin Gyl LS (i 0 el aca (g hall
Dha da) Tp (& slally alall o Jealill mhadd) Bha daps LT, o adally olsel
P ulall e degiaall Hhall 2 G ) 55 Akl cluzmpdll sda JS ¢(elall 2ans
tgsladi dt Ay By

K, xT,

T X

DU eleedl Byl Anye Ty [w/mu k] ulall Juagll shall JE) Jeles K séus
Jm] € daall die aal) dads ASlew 1 X (8) ([K]

dt (1-1)

sttt Byhal) (e AaS il Lgld dX (£) ASlans o lall (o 43S (of dead die Jilaallys

q = hg * Myqrer * dX () (1-2)
Myater -U/kg] (Lﬁl}u\ Jsaall (_s—‘n-’-’\) @kl Jeaill 4l 5)hall thg tlua
Jkg/m3] 2eaidl o Lll due gl ALY

A bt Alslaall ) Wila g ol oalileall &)

K, xT,

X(®)

hsp * Myygrer * AX(E) = (1-3)
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2K, * T,

hsl *Myater

X2(t) = (1-4)

OY el Alall ol (3 Jpde phall Aaps g5l haddl Jipdl demf & it )
AV Al Gy (Sl culall Alasall Red o SIS ral wlall ) Al Ao

el () aaad & e Uadl ey Lo iy o S Al da Gl

Jgmmy Al lumpdll ol e Tages ST a8 dglyall Dl G lage BaY
Aoy & alal) e sylall JEE) S dam Ll ALl slsell 3 A 1Yl
OSls AR (pe LIS J ALK ASLew 3yl Aide ol (e Aagaas Wil cand Al
AU el G sl Ak Lgiaa gl JES) de s raa Akl 038 ASLaws b)) aas

eV G 034 Cany WliaY

Sl alall dilee iluld e Ll duasi Al Akl bl G 43)lie el (lifi 18
il ety Jedll Qdadll e il 12 3 &8l (Gulf of Boothia) Wi gzl 4

leie lind 3aad it olie leall adlly Ayl adl) G dsasall CURY) F)

ahadl i ke oed el abs Lo B 3mg
ASlas Jang (2ea3) s Aaps 0o el Bha Aas 53 A slall Glys 35
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Thickness of the ice-layer in inches
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T

_ calculations
* measurements

0 20 40 60 80 100 120 140 160 180
Days from 1 October

(1 gasall () Yis gl b JSial) sl ASlacd Agleally &y i) gilish) oy AR (1-1) S

2 Jon 1889 ale Ve w)f i it L a6 3 olailly Eila¥) ol Aani€
1891 ol lgiclls vef Qi sl b adall JS5 Jon Sla) ol clgd Juags 3
AT alall i) Jandsl pam Lansls Lolaial <Y Gy

1A g Y Lgadlafins il Alal) Cisa i 3-1

ASyaiall Apaal) bogydll G L ek ABSN, syhal) JS Vs (e S 2 o
skl e Jsaill vie gpala ass AN 23 (Moving Boundary Problem)
AV skl Glaa e saiy ol sl I Latiad ¢ pSally o Jilud) skl ) ball
Juals el Jab (s adley aill dpnily i€ S paia cppyshall (o Joalill o) Sy
LSy ot ST Aldl) o G ol (e g i Juaalil] elanad) 138 pige yiiad Culi
CYalaall Ja alagy Ll adiad dagyd sae (i lle aay (1-1) sjaall & LySa
Jsaall (Stefan Condition) placiu dagyd aldicl & cdugyaall Alall dadalil) dpalyy)
Lasad cliplail) (e daal) Jag il o3gd Y @llds dagylY) oda & aloa/Uile (5)5kll

aaY @l (i WS (gyshall (g lall il Jlas b
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.One Phase Stefan Problem
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"Transient Heat Conduction With Phase Change"
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dejludia g oy ligie Al Jea Glal) i clea SN &) Gl el K
Gl DA Gl Alas Jea Gsin 5ypind) Gladl ol 20l 0 (1-1) Jsaalls

NRECRELYS

Ay i sae A i Alle Joa Lisia 5 paiial) EladU o) sandl (1-1) Jgaad

1981 | 1971 | 1961 | 1951 | 1941 | 1931 ol
1982 | 1980 | 1970 | 1960 | 1950 | 1940
(i) 222l
55 23.3 7.8 4 1.8 0.1 3ysednall EladU
Lisias

S50 O Leie LSV aaal) ) i Allis Jsa 5ysinad) ) 2yl (e a2l e
Q) eall Cuilally cusie] ALY Aually illuad) sda Jal £y Lllaill 3yl e
(RaphYl o3 e @AYl GHhl ae 4iliey el cilall o 585 clgla

rlad) o3 e panall Jase pase lilads
1-6-1 An alternative fixed grid method for solution of the

classical one-phase Stefan problem:
By: A.K. Verma, Sanjay Chandra, B.K. Dhindaw

Jealdll mdand) aise pany Joald Cum ¢ lenat¥) Al duhay (giald) A Cn) 13a
dgie) ddaal die Jaugll JelS e gyhall zomll aaaty 15l LS ey callaal sac JaY
tomndl Lganyy Lgiylia s ddlide (3l ED A3 e Jpanll 2 Ales

.Fixed Grid Method s e adiad dooae 45yl 1 1Y) 44y,

lng) Bilondl el as) Aihd) BBl Ll Joaes s Lol duse Aigh A0l 4,0
:‘;G.i.i} (&_IA.J" |

" Modification of the fixed grid (Murray and Landis) method"
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U gas o alle a5 Neumann idauls casjdinl 385 Zublad Al @G diy,k)

el Ciped Jall 138 manaly (i Allaal s

floall Al s oLl 2l sl i€ Gun el QIS i) 138 3 i jiall Jagussl)

S bl Sha dan ady S G ey cdansl) JalSl Ay5ie a0 0C° Biha dan ()
el 58 ik oy B sy e A BOC?

tlgale Jguand) a3 ) il 1-1-6-1
ey cillaad sac Ja¥ EDAN @kl aladinly Jualdl) slandl adse 30a5 (1

(6 gasal) (sa) 1-6-1 cunyl) guili 38y Lia) cillaat Saa) Jualil) grhaaad) iga (1-2) Jgaad)

Location of the interface by various methods

Time elapse  Exact solu-  Murray-Landis expheit Alternative method explicit

(s)

tion location

Location Error’a Location Error’s
(cm) (cm) (cm)
10.000000 0.143581318  0.143581318  0.000000000  0.143581318  0.000000000
19996985 0.203039344  0.203183339  (.070869462  0.203183339  0.070869462
29.993971 0.248665147  0.248862435  0.079275784  0.248862435  0.079275784
39.990956 0287130172 0.287356716  0.078837520  0.287356716  0.078837520
49.987941 0321018871 0.3212648359  0.076568598  0.321264859  0.076568398
59.984927 0351656787  0.351917339  0.074037765  0.351917339  0.074037765
69.981912 0.379831378  0.380103494  0.071589974  0.380103494  0.071589974
79.978898 0406055730  0.406336563  0.069113309  0.406336563  0.069113309
§89.975883 0430686239  0.430973421  0.066635842  0.430973421  0.066635842
99972868 0453982396  (.454276179  0.064670448 0454276179  0.064670448
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11=49.98794 5 dyia3ll Adaall) xie Laul) JalSI (g)lall pnill s (2

1-6-1 i) ilii (3hg t=49.98794 5 Akialll dic Jauusll Jals! g hall ) (1-3) Jgaad)
(6 &2l &)

Temperature distribution in water after 49.98794 s

Distance Exact solution ~ Murray-Landis explicit Alternative method expheit
i‘mm the sur-  temp. (°C) Temp. (°C) Error Temp. (°C) Error

face (cm)

0.000000 §0.000000000 §0.000000000  0.000000000  80.000000000 0.000000000
0.015794 75.551008448 75.553480305 0.002471857  75.553480305 0.002471857
0.031588 71.110382492 71.115308741 0.004926249  71.115308741 0.004926249
0.047382 66.686415538 66.693786399 0.007370861  66.693786399 0.007370861
0.063176 62.287310690 62.297120738 0.009810049  62.297120738 (.009810049
0.078970 57.921134160 57.933379868 0.012245708  57.933379868 (0.012245708
0.094764 53.595770256 53.610448137 0.014677881  53.610448137 0.014677881
0.110558 49.318878211 49.335983439 0.017105228  49.335983439 (.017105228
0.126352 45.097851211 45.117376609 0.019525398  45.117376609 0.019525398
0.142146 40.939777966 40961713284 0.021935318 40961713284 (.021935318
0.157939 36.851407135 36.875738542 0.024331407  36.875738542 0.024331407
0.173733 32.839114867 32.865824610 0.026709743  32.865824610 0.026709743
0.189327 28.908875718 28.937941900 0.029066181  28.937941900 0.029066181
0.205321 25.066237127 25.097633577 0.031396450  25.097633577 0.031396450
0.221115 21316297612 <21,349993840> 0.033696228 0.033696228
0.236909 17.663688817 17.699650037 0.035961220  17.699650037 0.033961220
0.252703 14.112561447 14150748713 0.038187267 14150748713 0.038187267
0.268497 10.666575159 10.706945652 0.040370493  10.706945652 0.040370493
0.284291 07.328892362 07.371399918 0.042507555  07.371399918 (0.042507555
0.300085 04.102175881 04.146771874 0.044595993  04.146771874 0.044595993
0.315879 00.988590381 01.033387925 0.044797544  01.033387925 (.044797544

syl 1 Aadd 2-1-6-1

Gpuld 585 Al Fixed Grid Method dpks suski OIS Gl 13¢) ) Gangl) )
Al daeas Ba Ay Gt o ey Akl o3 aladiuly Jall ol A1 ay Ly
Slo ol alasinly V) 138 Glat 2 85 Akl o3 caged 1305 Jualdl) ol 3y5ladll

L Jpanll b ey LS i) e Qi 138 i ol Akl oda
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lall skl dage Ll alin ) claall skl Caca Jlall skl dage L
(L) skl (e

1-6-2 A comparison of numerical models for one-dimensiona

Stefan problems:
By: E. Javierre, C. Vuik, F.J. Vermolen, S. van der Zwaag

S Jealil) mhad) ase gaamd cold) lgaai) dlee duby oinlll A6 Gl a3
Laf aill i€ e Blhall dap b sl Dolassy Jaugl) (e Al il LS (il
Ciely Ll (sl) 120,255 L 8y 4na) 5538 A col€ bl o Candl 134 5 Spadl)
Gob el b e Jganll @ o(Jealdll sdadl adgass 5hal) dayay &gl ol
rolplaill alaiel gae A cul @l el lecaey  lgjlies  ddlisa
The phase field method—The level set method—The moving grid method

Hill gy i Zldas Zayl )l

lgale Jguanll ai ) quiliill 1-2-6-1

Ay e dadeg (el ae Jialdll mlanll aBge pad s mdtbl S U WS
AUl JRA e pliaiall s GBSy o(x = 0.25) Ak Al (a3l aa )hal)
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— Similarity solufion 0.02t — Similarity solution
0.9 MGM, N=200, r=100] | -~ MGM, N=200, r=100
' - LSM, N=200 001 - LS, N=200
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0.2 - , , ' 0 . i i .
0 005 01 018 02 025 0 005 01 015 02 02

(2) time (b) time

(7 gl (34) 1-6-2 Eall 38y Lgule Jguanl) a3 ) guilisl) (1-7) Ji
Ol aa Jualil) o) adiga s (iaia (@)
x=0.25 adga Jal e il g Blal) s s Adda ()

sduand) 138 e e i) oSay daly clBiadle 2-2-6-1

oaia s Byhall dayy of LDl x = 0.25 daiill )l g syl Ay s Jsie (e (1
A (S OIS dlaall 138 3 il Gl o () Lt Bysiem Bie) 558 Pl S ISy
() pRliss) s Jleail @ (gyshll Jenill ¢ aay Aiina Al dey adiyil 2sa
Bl days (b (ohn)) gl Giampn deatll dglee o8]y 436 4liie ol 3al) Aay
Sl aay e LSS Jla 8 Y) Liladle oSa Jabhl o3 G S s (1Y)
Al A el ga oalshall o3a dgas s (486 0.05 A8 (e s Ay Dl Dl

L yshall sl oL salall 45540

Bhall dapd el a3l sidly Jualdl) sladl adsdd 23l sl G Al (2
e G815 Bhal Asal dad pmial of Bl (Dol al LS Cua) x = 0.25 xie
P A JSl 8 mage s LS Adalll @l die Jualdl) mlad)
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(@) time (b)

1-6-2 oyl (3hy lole Jgaanl) o3 i) @il cp Jayl) (1-8) Jeaal

1-6-3 Numerical and experimental investigation of melting
and freezing processes in phase change material storage:
By: Piia Lamberg, Reijo Lehtiniemi, Anna-Maria Henell

SEHL a5l 5ie 5ol denily leeaiV) dibee Ay (fialdl HB Cndl e s
o sl & alall Tl o Jgiras asiall) (e grias Oh3 e gagial
Effective Heat Capacity Method : i kil aladiuly duaae U 3yl S ALl

Jglee 1230l <Enthalpy Method-

Sahll a alilay A jaall allls (AISIIMET6) assial) e B3 gl ofalll Ll
AUl laialgall Culd
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(8 gasal) ) 1-6-3 cuayl) b ardiuiall (bl ciliaalga (1-4) Jgaal)

Paraffin
Density solid/liquid 15/70 °C (p) kg-m_‘% 789/750
Heat conductivity solid/liquid (k) Wm LKL 0.18/0.19
Heat capacity solid/liquid (cp) KJkg 1.K! 1.8/2.4
Volume expansion at AT =20°C, % 4.9
Heat storage capacity melting A7 = 30 °C. J~kg_1 175066
Heat storage capacity solidification AT =30°C, J-kg_] 187 698

ot g (Sl K g5l (e thermocouples s)all cilulua (e 2325 Ghal) 255 LS

Storage 2 X h%
Thermocouple [mm] [mm]
2.238 8.123
4.598 11.185
6.382 14.16
8.577 18.16
11.312 21.261
13.663 23.961
15.579 27.75
17.12 31.844
1.956 40.238
4.599 41.731
6.536 44.198

—
= O 0 0= e W

12 8.565 46.391
13 9.693 48.342
14 12.078 51.444
15 14.629 53.647
le 16.531 55.821

6063-T5 &5 (e assial¥l (e Aesias Al b o (liaga gy Gl
-lygaill s3a mia gy (1-9) JRAs LegDIA (e ayiilly cpaall 23l Aluminium
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Fig. 4. The measurement setup, }(—) :

Hmm

(8 aasall ) 1-6-3 uagll A Andiiieaall gt geagy (1-9) JS&

Gl s pfingieall (8 st 4300 10 Bha sy oWl bl 5 el ddee oL
42240 ) piadall dals slall dapy ) & (e cdans sl JolS 3 fsall 3)hal) da 0
idee Cagi o ()5S laie s A8y 15 Joa an Gl JelS leaat) ) @l (oald i
2axil) dlee fail dygia Aay3 10 ) otindall Jals hall daps alsd & ey leaty)
Jmanll 2 Al Sl b Lady bl JS dend ol s 2883 80 sa Graiud Al
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Phase Change Materials (PCMs)

s ohal) 3yaitiall dgal) e dadia 1-2

Latent Heat of Fusion jleai¥) 3ha drald aladiu) Je jshll 3yl dsall a8
i 3l ) i Lglh deaT gl olsall b3 jgeat levie LAphall Al opas
hall Gl st gyshal) Jenill 13a dagis shall (b dims

el sl (Apaedl ZOWY1) Al 23 cala fele a shal) syriall dlsal) el (e
@hall Gpaall dadail 8 (R A 3 Leias oSl phall dues) dUall BB Ly
Gl Sensible Heat s suadll opjacll dakl 8 Lgyyhi e el Latent Heat )kl
@tk e cleluall A8 6L sty aaall ey e (gshll opadll) Y]

S(smeaall (pyaall) Al
o axiind % culS (Eutectic Salts) leaai¥! g Y1y s felall Jia dsa &)
cpaal sl syl dlsall 48 Cuatinl Gulis a8l Jaly (ol Glpdie M (el
Dadll @lye Jaly acliall 235 ;8 Thermal Energy Storage (TES) (gl
Cilia 8 ol o3a Ahad i Cum e Gl () Al 6 el AU (Dla iUyl
Al gl clilugd Gkl ale pladiul &y dpaee gl Ayl
13d 44.5 C° 55k Jsad 5y 4ayn <ild "Soudium Thiosulfate Penta Hydrate
g Jse Lo i milia sadid s PCMs I 1Y) cligdaill ey . Gadal
clalal) aladialy Jal) (U a5 (piadl (Eutectic Plates) (ASiSag) el
Gaubailly L)l a8 lgde Aladlad)l il Algid) deliadl culS Jla 8 eyl
ASeY) Ll Ay Culd G e limdll ale Jlae 8 PCMs Il aladiad s 568 Y
(Jis<) 4ley National Aeronautics and Space Administration (NASA)
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A Js¥) el Gukll &) .(Thermal Control Of Electronic Packages)
LS i bl Gl e il Bl 8 s 35,40 (i) PCMS I 4 aasiiad
Jisad ililee (0 (£S35aY) Basial) GVl (5,8 8 dxals) Delaware daalal —ayls
Solar " auls Cayh maal (glls Apalll BN e oLty aranai g Cua A8
5sSall cysal 8, Delaware i35l 4l Newarke duse & 3sase sa5 'One
el Al AU ppslailly sl Jlae 4 sl -Dr. Maria Telkes
Solar One awesi () dswedll Al maliy e Hilue JysaesS —(Eutectic Salts)
Sl e S ads ) gihal) ogpaill ekl e gl sae aladind Gulal e
el sl Ll el el Jiae Jsid 8 G Al Jdlad
phall day0 die (Lysh Jsak) dealyy el illy —(Glaubers Salt Mixture)

.t._l)léﬁ\ (e _12.7C0

Gl g Cilisgd) G ) el ald) Gl e by climadl alT
iyl DOW 4856 cuals e . asadll (yhall (paall okl 5paiall dsall aaiidh
b paiuly il 130 330 s (27.2C° sl Aay de dealyy jeeal s skl
G i 1982 Mo gy paldl il ol g G clelial
Deall Algw ALY aatiy sagll s Jf awdny Tranphase System

"Asmes 1989" auly dcluall 5l 4ylaill (=) (Eutectic Salt)

:(PCMS) ghall 5,5all dgall alsi 2-2

& Lalatinl adii s Ll Gailiady i o g (PCMS) skl 5ysial) alsall &)

ot il s3a (g)hall oyl

Ay Al Lailedl) 1-2-2

Gabaill aulia (5)shall Jsaill ie 3)hal) sy Jlas (1

Adle ad 3 (sl Jsatll ) (gl Jsatll A3l 851l (2
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Bl Jis o L] el Ul s (addss dy)ha daslic) dle dlase (3

G Alalall Bhall dapn 08 Cuny Gagyaad) Gulaill s W3 PCMs I sl &
(k] /m3)  canall JEN) 68 il Gaagy 55l3%) PCMs Ul g5kl Joatl) o
350l A (ohall OBl dnigl) sl sas dal e @llyg Satle ST (gyshall Jgail

il oatll e Slad) 8 ae L Al dg)al) ddia gl G LS (Ll

1Al Y ailadl) 2-2-2
Lyshall Jsaill o) A (1
Al 486 (2

eaall & s yui (3
(pabdie A haa (4

Al 46SY G LS cgolall il dlee b aelid gyshall Jeatll ol 4y aa) &
oalias) 5 gyshall Jsaill ol aaall jus jreal dailly Ll L hal) aaa iy W maus
oliball Gligh (oshll Jsaill Bl da)r ) Alladl Bl dajs die Al laria dod

(A e PCMs shall 3yaatall 3alall ¢ &) olga¥) JSUEa (e Jlil) e Lslac LS

:(Kinetic Properties ) 45all yailadl) 3-2-2
-(Super Cooling) iy ays Sigas axe (1
A ol A dga (2

WY alatiud die Lews Yy PCMS 1) ae Jalaill die dane 3l JSLEA (e 310 2l
dlee Gue Gld b Glayy pcad Nl a0 Giaa e ((Hydrate Salts) asldl
iy plasiny) ddee a8 10C° loa dagiy 4isas diey A3kl 3)hall g lajin

LJelS
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i) Gailadl) 4-2-2
el el e LS i (1

(bl 30k pe SlbasS Jeli aag) (HA Leie g siadll salall aa (38155 (2

Aale e (3

Gl (e gyshd g Y (4

A A sale pe alelis Cany sl o Lall a8 sy (4a3l) oo PCMS 1 palsas s 8

(PCMs 1) sl o1l (ohad) sale ae 3815l —aplaal) osal) opoled ol cany
e Blall Jal e Jlidy) ol laddl AL e dale e sald) o slelh g

A

Aala®y) ailadll 5-2-2
3sie salall 065 of (1

adlal) 3L (2

oo PCMs 1 gy i o camy A il aal e axd Lgaad )5 5)ball 50l jigs o

Gkl s Ldgan Jal
:PCMs J) cliviai 3-2

ASihg (dypac e ‘LJ.@;) PCMs skl apwiadl Algall e HuS 23 2ag

corgodall Gudaill 4 gllaall )bl sy s Lgwladinl (Raall e Al ((eutectic)

(2-1) JR&) 3 miage PCMs I o ()
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" Phase Change Material J

Paraffin Compounds
4[ Organic F[

Non-Paraffin Compounds

—_— Salt Hydrate
4[ Inorganic =[

Metallics

Organic-Organic

—[ Eutectic

Inorganic-lnorganic

Inorganic-organic

(5 @asall () PCMs ghal) §pisall dgall it gy (2-1) i)

Dkl Baie AsaS lghyyat (Say Aypunall s Aygumal) Al dsall o S 2 )
) leal¥) ha Gy (@skl dsaill Bha day) Wyleail sla dan) L,
Sl —(oskl) Jsaill Bl Anyy) (gyshall Joatll ddals o liiulys —(Sly o(g)shall Joail
AL sl 3 WSy A dyslaal) A06al Clialgal) (335 Y Lysha 8 yiall 2gel alaee
@hall opaill Jap € A0 salall Clialse cllic 3aals 30l 2ag Y A ((2-1-2)
Jolas & Liaadatl lea¥ly ) i (gyshall (pasll sale jLaal sy dgles ¢cg)ohal
138 3] e diliadl) 3ol Jasd Caam (530 ke Bl Lo Hnd) Cliaalpall cppuen
Sia sale 3 dleasall (el Apaaal) 323 dilia) (Sa JBal Juw lad cConiall

Adpans lghlage il Jls 4 skl

LSl G (Rpbalpadll) Adlbnd el Clhalsal (8 maly (old aam ble JS
skl ohall Ghall aast o uSaly @A Y Lyaaed) LS ally dygaaal)
Al sl 8 Juadil) (e e oy CAY) 3 il
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tgsandl Galud) @l ghall §piiall algall 1-3-2

Organic Phase Change Materials

tsl i gl (bl g3 jlall 5yl alsall &)
(Non Paraffin) iué)u e —(Paraffin) a.udll
:(Paraffin) clid)l 1-1-3-2

«CH3~(CH,)~CHj il (e dlysh Judls o leV) 3 ()5S 3l o sadll &)
Bhall 2 e S Bl Al Ball e 308 DS H3ad (CH3)= 1) dudla s )
s bl (g5l Jpail) &1 LS Alulud) Joka 3215 ae 3la5i (gyshll Jonill 3l A3y
@bl il Jlae b a3 ¥ Al glhall Slagy e —lpaie S Jlas (eun
ha Glayy Jaw Lad < Ally (Technical Paraffin) dgall clud;Wl Y] (g, skl
il b)) e Aty aaak (g)shall Jgail

N By Wl Al b —JSHI sy —ddSal ALE —dlle A8, @) —dad
Sl A gkl Joal tie Tan hea L panll 55 =500C° e Jil s il
ALE (gyshall Jeaill xie

bale 5l ad JawsS clid)lll aadis Al Aelll) Gl ARl el J8 Ca

man (2-1) dsaall (0pad) Jawss e Jsb 6f) Tax Ak leail [aesd s,
il sae e lals WL Sls clidhl) ode il Gl (med dal) alsdl)

gl e Lalad A
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S Sl

(5 ol ) ) LA Gt Bybal alsdl iy (2-1) dssad

Paraffin Freezing point/ Heat of fusion
range ("C) (kJ/ke)
6106 42-44 189
P116 45-48 210
5838 48-50 189
6035 58-60 189
6403 62-64 189
6499 66-68 189

Jsaally led sl @l axe 50l e Saf SLEbLL (gskll Jsadll B dape &)
e <) @l aaed s lidhlll (ghal) (alsdll maag (2-2)

(5 &l ) L Cuwsl b s oot AL &y al) palsid) (2-2) Jaad)

No. of carben Melting Latent heat of
atoms point (“C) fusion (kl/kg)
14 3.5 228
15 10 205
16 16.7 237.1
17 21.7 213
18 28.0 244
19 32.0 222
20 36.7 246
21 40.2 200
22 44.0 249
23 47.5 232
24 50.6 255
25 49.4 238
26 56.3 256
27 58.8 236
28 61.6 253
29 63.4 240
30 65.4 251
31 68.0 242
32 69.5 170
33 73.9 268
34 75.9 269
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Jadll 3a Aaps LDl 1ie saall (aldll e el Slhlll G 1aadl o Las
ol Ll (e 1) 58 (AN Lalil) (pa il (po 3p2all ] (g5

Aghall lasal aless) (X

ALAL Loyl b lgnny (S0 Y [

LJeiid nble [X]

:(Non Paraffin) 4ad)l il geel) (ulud) )3 PCMs ) 2-1-3-2

cpailadlly le g lagishy il PCMs i alge ST 8 Za8hl juall dygmall dsall &)
lensaa! Al Cldhlll p€e e gAY ge Bpad pailad L dsall s2a e S
I @ball Al danbia) Aadhl yal) gpaaad) alsal) 28 ) (Kay Agliie pailiad

-(Esters) cliu) o
.(Fatty Acids) duas jases
-(Alcohol's) cildsas
.(Glycol's) cdle e o
A8y pages v
Ayl Lsal) el SV
(el (iaall (mseall lac Adhl il Aygmal) Mgall ) 3581 Slsall 038 Carals

BS Gosh dsaipha S Sy o

.:KA.\M LQ:\JLA}A )

Adle Al ey e
iU AL e

J\)AS\ 2da (jo yamy L"_!ls.aab-c (2_3) dj.l;j\ s
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(5 sl o) Al il) dypuanl) slpal) et Al alsdl) (2-3) Jpaad

Matenal Melting Latent he
point ("C) (kl/kg)
Formic acid 7.8 247
Caprilic acid 16.3 149
Glycerin 17.9 198,
o-Lattic acid 26 184
Methyl palmitate 29 205
Camphenilone 39 205
Docasyl bromide 44 201
Caprylone 40 259
Phenol 41 120
Heptadecanone 41 201
1-Cyclohexylooctadecane 41 218
4-Heptadacanone 41 197
p-Joluidine 43.3 167
Cyanamide 44 200
Methyl eicosanate 45 230
3-Heptadecanone 48 218
2-Heptadecanone 48 218
Hydrocinnamic acid 48.0 118
Cetyl alcohol 49.3 141
a-Nepthylamine 500 93
Camphene 50 238
C-Nitroaniline 50.0 03
9-Heptadecanone 51 213
Thymol 515 115
Methyl behenate 52 234
Diphenyl amine 529 107
p-Dichlorobenzene 531 121
Oxolate 54.3 178
Hypophosphornc acid 55 213
O-Xylene dichloride 55.0 121
B-Chloroacetic acid 56.0 147
Chloroacetic acid 56 130
Nitro naphthalene 56.7 103
Trimyristin 3357 201213
Heptaudecanoic acid 60.6 189
o-Chloroacetic acid 61.2 130
Bee wax 61.8 177
Bees wax 61.8 177
Glyolic acid 63.0 109
Glycolic acid 63 109
p-Bromophenol 63.5 86
Azobenzene 67.1 121
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Acrylic acid 6E.0 115
Dinto toluent (2.4) 0.0 111
Phenylacetic acid TOT 102
Thiosinamine 7.0 1440
Bromcamphor T 174
Durene 793 156
Benzylamine 78.0 174
Methyl brombrenzoate 81 126
Alpha napthaol o6 163
Glautaric acid 7.5 156
p-Xylene dichloride 100 138.7
Catechol 104.3 207
(Quinone 115 171
Acetanilide 118.9 227
Succinic anhydnde 1149 204
Benzoic acid 121.7 142.8
Stibene 124 167
Benzamide 127.2 169.4

fy Cuah Lald daall (g seal) W

Clhl 8 e e S Ll (gyshall Joatll B)n ApeS Aad @
e JS3 gl [reaill Chsd e S 23 Slad) e 5l o
mbm“)uujqaﬁtg_p;uﬂ\@mu\uj\hha\ .

= )-‘ST Lgaalss :Jlﬁ Lsﬁi“ daalul) O QS!J “5;._3;1\ J}LJ\ 3 juacial) J\}A\ GA s (i
mas JSU Cwd L WS (Technical Paraffin) gl culighlll oo 5y 2.5+2

Agaall imsanll (e dphall Clicalsa) (2-4) Jsaal
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(5 aaxall o) (Fatty Acids) duiadll (agesd) sgall Gand 4y shadl (alsdd) (2-4) Jgaad

Material Formula Melting point (°C) Latent heat (kIfkg)
Acetic acid CH;COOH 167 184
Polyethylene glycol 600 H(OC,Hy),,OH 20-25 146
Capric acid CH,(CH,)s:COOH 36 152
Eladic acid CyHyCoHy:COOH 47 28
Lauric acid CH;(CH,),;COCH 49 178
Pentadecanoic acid CH;(CH,),;COCH 325 178
Tnstearin (Cy7H3C00)C3H; 36 19]
Myristic acid CH(CHy),COOH 58 199
Palmatic acid CH;(CH,),,COCH 35 163
Stearic acid CH;(CH,),;COCH 094 199
Acetamide CH;CONH, §1 A1
Methy! fumarate (CHCO,NH,), 102 1)

togas pidl Gulul) @l ghl) §piall algal) 2-3-2
t) ol (ggine sl QLY 53 pehall gpiall slsall &)

.(Salt Hydrate) dil 73

.(Metallics) (alaa
:(Salt Hydrate) 4glal Z3wY) 1-2-3-2
Lal) 1 e iy sl pe dypme e 2l e ild e Bl b Akl ZOLY) G
AB.NH,0 : Il dalal) Lgiasa Jaed Ll sai Lla (Vs K) clyly IS0
sl ok Al ge ple Al Wl AN Jile [ala gkl Jeaill )
sag Gl e atl)l ey daly) Ae gl sl o ald) e (Hydration cilagdl)
(oshll Jsaill) daaill ol Sleatl) dles s TaleY) G (Salinagardt ilas
e kg Akl Z Y (e AT gs ) Jsa Ll ALl 2 MY jeaali Lavie Bale
_);~\ (S celall O¥sa (e

AB.nH,0 - AB.mH,0 + (n — m)H,0
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tele (50 ddall (i

AB.nH,0 > AB + nH,0
(Sl lad) cligsa) Alal clyslll GISaw ) ang (gyshall Jsadll) Slgaady) ddais i
e Ll i 220 058 - Bl 23U ) f ey ALY 3l ) e
celag —Jgaill J \gia J8

S aalyl) sleal) ddee die A1 8 A8l 2O aliee die Bagasall JSLEA (g
3% s Y A saaall bl Jal Y daall) L) AS Gl (sl o5k
ilee e 0l Al by LYl Sl mlall) cpuoal) oy 28ESH G s Cigaa )
abre G LS Lelegll Jand 4 Zaley) lee oo 20l aldl caup ) gos Les (RaleY)
I ge Aalialy AlCial) 238 Ja (Sars ¢ politll U8 b 315 2505 Cgany o Al DY
O AE oda sl d)i% A0la) angr LS i)y apdi Cagan g skl Gigan e 2 L
Aajall sl sd Sl 30) Adhaie B (Y LySll) @hldl (g e Bliall Pla
S5 (PCMs  jglall 5yiial) dlsall (o abY1 de sanal) JSE Aglll Z3LY1 G 400
FSY) ailadlly (gyshall (gl il Jlae & luball e €Y1 daally culia

tod onSl ALaa¥) 138 aimse Lgilea ) g alsall o3gd duila

Bl (g5l Jsail) 3 daS (1

(L 8 ade ale Comal Joss L 5a) L el Lgiliasa (2
cyshll Jsaill el Gl aasll el (3

S IS JSEY Cudy (4

(St (g igan 00 LA B f o gy 330 (5

L (

(

6

oAl Ll S dak W LY Gl (7

}

el wlal) @lglud o )l EO Caped o Sy
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.(Incongruent) uilaia ye [2
-(Semi-Congruent) cuulic caai [3

Ul (anhydrous salt) AL #ldl Jaiy Lvie jelay :(Congruent) uilaia [1

leai¥) B da die slall 8 JalS JSE —AaleY) dkee e

vie elall A JalS JG ailll mlad) Jaiy ¥ Ledie yelay :(Incongruent) calia je [2
e B)ha dno

oan Sl mlall iy Laxie Alall oda jeldas :(Semi-Congruent) caulis caai [3
SV Al e JH el e de 4 AT ke mle ) Ysate oLl i
AERY) sl s (sl Sl paen puiy Y 48 6 LY mle ) Joay Y oS0)
rolale Ll oSy Jsaill Alee g iy

(8 ele i sae 53 ) ) L) bl — L) S L)

Jile Jslaall 3 ghsh &l daiy Y AVl Jal€ U85 day Cige mlal) Gl afle
alia

& (Salt hydrates) aslll #3aY) alaain) vie lgie led ) alu) JSLEL) aa]
Cliall pe leaVl) Lol Al Hsels 58 PCMs jglall 5y 35aS (gyhall o3l
oo b wlall e aaly Jge dad 4K il cWdl e Jge N 2gag iad (Incongruent
~Adlal) S s —lall mlalls Oleai¥) Bha dapr die pade j Jlae
vie gl Ansall ddaal) die elall o MU mlla e maayy slesd) Jidd ) dag
LS Gl —(Irreversible) duSe sl —oda daxi [ leal) dleal A€y L aanll

iy oad Aglee S amy (it Bylall 8 ALl Z3LY)
:lei (3yh saxy (Incongruent Melting cauliall je jleaty) ) UG 38 Ja oSy

LSSl zlay pladanly (1
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(e il (Encapsulating) <YewsS aia PCMs ghall 3jsiall saldl aa g (2
Il dilec

candie Jslae JRR & Led) aae g A2l YUy SN jeeal dlia) ole aladinly (3
o Ky jpeati Al saldl Bty dashiall Glila Jeo Al Jaaad oha) (4
.(Congruent) cuulia JR54 Heati 33k ) (Incongruent) i

.(Salt Hydrate) ailll Z3LY) (axd dghal) clialsal 2-5 Jsaal) sy

(5 zasll ¢w) (Salt Hydrate) 4ulal) g3y and 4 )all palsdld) (2-5) Jgaad)

Material Melting Latent heat
point ("C) (Kl/kg)
K;HPO,-6H,0 14.0 109
FeBr;-6H,O 21.0 105
Mn(NQO;),-6H,0 255 148
FeBr;-6H,0 27.0 105
CaCl;-12H,0 208 174
LiNGO;-2H-0 30.0 296
LiNO;-3H.0 30 189
Na,C0;-10H,0 32.0 267
Na,50,-10H,0 324 241
KFe(S50y)2-12H-0 33 173
CaBr>-6H-0 34 138
LiBr;-2H-0 34 124
Zn(NO3)»6H,0 36.1 134
FeCls-6H-0 37.0 223
Mn(NQO3),-4H-0 37.1 115
Na;HPO4-12H,0 40.0 279
CoS80,-TH,0 40.7 170
KF-2H-0 42 162
Mgl>-8H,0 42 133
Cal>-6H,O 42 162
K>HPO,-THL0 45.0 145
Zn(NO;)-4H-0 45 110
Mg(NO3)-4H-0 47.0 142
Ca(NO3)-4H,0 47.0 153
Fe(NO3)3;-9H20 47 155
Na,S8i0s-4H,0 48 168
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K,HPQ,-3H,0 48 99
Na28,0;3-5H,0 48.5 210
MgS0,-7TH,0 48.5 202
Ca(NO;),-3H,0 51 104
Zn(NO;)»2H,0 55 68
FeCl;2H,0 56 90
Ni(NO; ), -6H,0 57.0 169
MnCl,-4H,0 58.0 151
Mg Cl,-4H,0 58.0 178
CH;COONa-3H,0 58.0 265
Fe(NOQ;),-6H,0 60.5 126
NaAl(S0,),-10H,0 61.0 181
NaOH-H,0 64.3 273
Na;PO,12H,0 65.0 190
LiCH;CO0-2H,0 70 150
Al(NO;),-9H,0 72 155
Ba(QH),-8H,0 78 265
Mg (NO; ), 6H,0 89.9 167
KAI (504),-12H,0 91 184
Mg Cl,-6H,0 117 167

:(Metallics) ¢aleall 1-2-3-2

DVl dlgs alae oy dnitine el Hlia Aoy S alae o (gt g aill 1
PCMs skl 8ysiall dlsall aa ala joa 2xy 330 ol g5 138 (. (Eutectic Metal)
O s 1 g e Al AU aaall (65 Laxie s (S5 ¢ Sl 43) s @l
) Bla] caaal) saaly o leadl el el dlle dad el 43 iyl
Aflidsndll ddalsdl odas elsVl L ae Aplie T Alle dlase a4

sl 13g) Al Adlall J (A lysaill)

el Gl i shall gyiall Asall (and Ayhal Clacalsall 2-6 Jsaall s
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(Metallics) Sumall (ulu) cid jghall §piiall dgal) Gaand 4y jall Galgdl) (2-6) Jgaad)

(5 sl o)

Material Melting Latent heat
point ("C) (kl/kg)
Gallium—gallium 208 -
antimony eutectic

Gallium 30.0 80.3
Cerrolow eutectic 58 209
Bi—Cd-In eutectic Al 25
Cerrcbend eutectic T 32.6
Bi-Pb—In eutectic T 20
Bi-In eutectic 72 25
Bi—Pb—tin eutectic 06 -
Bi—Pb eutectic 125 -

:(Eutectics) lgai¥) ddgud) ghll §paiall dgal) 3-3-2

Sl e lgaany e St ¥ ST giale e miie o Ble & dsall o2

el Ay (il Bia el 138 e dsall Cauig lgat)

G Ol Lahik aladiul eutectic J) M) o Juaii JS5 28l s tidaadl
L) sl

lixna CUEYI saa) a5) Tetradecane Ji sl zie die myiall 13 o JlaS
L a5 Hexadedane J sals ge (5.3C° syall day de jeuati a5 CiyHsg
‘;\A.:Aj\ u‘js.! (17.9C0 'é)‘\);“ 4;).3 e )@.\4.:.1 ‘5‘5} C16H34 l.@_t’..ua th‘ (e Bh\j
58 LS 4ias Tetradecane 1) sale 4l b myiall lgwail 3 dayn yunh (53
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20

18
16 -
14 4

12 -

Temperature C
=]
1

' T Y T Y T T .

0 20 40 il E:I] 100
Concentration of Tetradecane (v %)
Tetradecane J|y Hexadecane J) sisla (1 (598 e el Aaus o ABladl (2-2) Jeil)
(5 a2l () 4daa Tetradecane J) 5k 4o pa
gl Gan Tetradecane J) Al diwd dad Jal (e 41 Giludl I3 (e Laadls
gl Dleatl Bl Ay 058 et Ll o3 aaad 5 Cuam %91.67  Jisa
Jemi 5ilm Angs o B ) sl 1) lea) 5l dapal Aad 8 a5 1.7C°
W e %8.33 (1 oSl il (b 4le g (Hexadedanell; Tetradecanel) sl
zal S leay) Je zall =X Tetradecane 1l (1« %91.67 5 Hexadedane

.eutectic

(eutectic) sleaty) dgul) milall (and dphall Glialsall (2-7) Jsaall mas

cgpae g AVl geame lpan
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<) Wguany (eutectic) jlgaiy) Adgad) gifiall Gand Ayhall (alsdd) muags U (2-7) Joaad)
(5 gl (0) goe s Gulad @ld g AY19 goie ulad

Materia Composition (wt.%) Melting point ('C) Latent heat (kJ/kg)
CaCly6H;0 + CaBry6H,0 15+35 147 140
Triethylolethane + water + urea BI+315430 134 160
CyaHy30; + CgHg0s 34466 U 1417
CaCly + MgCly6H;0 504350 I 03
CH,CONH, + NH,CONH, 50450 1 163
Triethylolethane + urea 6254313 248 218
Ca(NOy) 4H;0 + Mg(NO5)5:6H,0 47453 30 136
CH,COONa-3H,0 + NH,CONH, 40+60 30 2005
NH,CONH, + NHNO, 3447 4% %
Mg(NOy)6H,0 + NHNO, 61.5438.5 52 155
Mg(NOy)6H,0 + MgCly-6H,0 5874413 5 1322
Mg(NO3);6H,0 + MeCly6H,0 50450 0.1 144
Mg(NO3);6H,0 + AINOs), 9,0 3447 61 148
CHyCONH, + Cy;H;;COOH 50450 63 218
Ma(NOs)6H,0 + MgBry 6H,0 9+41 66 168
Napthalene + benzoic acid 67.14329 67 1234
NH,CONH, + NH.Be 6.6+ 334 % 151
LiNO;+ NH,NO; + NaNO; 25465+10 80.3 113
LiNO; + NH,NO; + KNO; 26445874149 813 116
LiNO;+ NH,NO; + NH,(l 2146845 816 108

@bl Cmiadl) cliudatt Guliad) PCMs 1) jLid) 4ds 4-2

:.'n' i ‘ Q .'0'0 X b

PCMs | ‘)1:\.:;\} PCMs J}LJ\ 3 yaxlia 3alS A:xn.mj\ ua\jaj\ e S sala g Y
s al Blm Bgllaall Galidll o (far L Jmdl iy 4913 2ny el gn condliy
e i) Gadaill gl Ldle €Y1 PCM I LasY et o5 Cosllaall ksl sy

Ll PCM 01 jlid) amy o(LaT Gabadl DY) el pe 068 of oSl
LS el g 3ylal salall gy i ) bl Gl il (mny e Jalaill (o 23 Y Uil
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DA D6 sale dllia sNied ¢palidll Gun e ALIS PCM a5a axal —lils 1S3
Aa)dy (264-289 KI/KG) dis leadl dwlsl 5lall dle dad Al o sall
e ol o3 il gAY Ball ey oSy ¢(58-58.4C°) saldl) o3g) Jleai¥ 55)m
52l ikl 8 sald) oda aladiu) aidi dball oday (gyshall Jeadll die NI il
e palidl) e (asmpall DA DG ) sald) sda 3 Jeall Llls (gyay b pag conall

ST e Jall) f dlid) decall oda

@bl oAl ikl Culial) PCM 1 jlial sie Lileba calsll cljia)lll aal &)
SSlas eha) die 1) e Jled gyl Joadl) B Aagd b Anesedl) il
e el e (W ge) Bhall opas (A ey PCM (gmy sl
O ) 3ladl) s cudl (PCM wall as a TES in a passive direct gain solar)
Gl @lldy Jamall Jansll 8a Ganal Tai 3ad o amy S (gyolall Jpal) Ba G
) g B (gshll Jsail) Bha daps oo sl ly ha opaal Sl el el
1 3 ;L) «(latent heat storage capacity) (s)shll (gyhall (il daw (alis)
sali) Y Gl (s3pes 3C° ey JEAN (gyohll Jsadll syl Ay e StV e Uil

%50 ey (lelun Eigas ) ) cpiaal e

Wbl ol ik Jaf e POM 3 sl st dagall (a8 dleall i)l
: Jie 5350 PCM 1 (Aphaliill) 2l sa il Clialpall oo dpedll il
LSJ}H\ d};.\ﬂ PR 'é)b;j\ v
ity aleall pyshall Ayl dadl v/

Ll leall pshall A phall dlea gl v

LIy leall skl 28ESY v

Ayl JSLae asag ) oY) PCM 0 ladl oW degall Jalsal)l e
Oe uaedl &) yadl) PCM 1 3 (Nucleation) 4,4Y) J<i& i (Supercooling)

3oLl ot Latie el o3a 8y Sl il ACEa (g Lilah PCMs skl 3yiall )sal
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oadll 5ha o 05 L 1) Jaagis Sl Ay (i (denll) sl gball Jonll Y
Apual Alanlly ) ey caenily 52lel) 125 o U8 (Lo B Ay ) (gpshl
(Dlead¥) 3l day)) (gyshall Jeaill siha dapy I daais 3l A0 G (LlealY)
Spall {ls Janadl 8lmas ¢ eaali ol B2ene il L) Adeall Aally 33l e in (hasms
@kl @hall crall ks 4 b G ye e B il A e LS
S alsall alasin Juat) addes g A35AAD s)all Majiul aid Y (Latent TES)
A ) AlGe (e Jld Al ded) e (Nucleation) 4y, (< A5 (e Jlad
Y o€ 13 —(Latent TES) (gyshll g hall ol iyl Jaf (e — (Supercooling)

Nagin LAY e 3

(5) gl e 53sale il clyaall 8 s3lgl A8V aes sidasdl

OAd @l 3 PCMs J) aladia) oo ALY (o 5-2
:w\ Gladail)g @bﬂ\

s & Jal e PCMs ) g cppal) dadai] alaainl dabiaad) colplail) e el dagy

Al aalial) Loy calplail o3a laall Cays

e (5515C°%) pha cilap ve (Lysh Jpmi) et Sl PCMs 1) aaid o
loeSll Jland (0S5 Lavic) DU sl 038 deny s Cum g5l G35 o
il Hledl) oL lajgaa 2l 5 (callall 35,3 5538 (e alaidl) Cam LA a50ally
il

Iap) e A s clap de (Lsh Jad) eas (il PCMs J) aaaid e
dSiy (27C° Bl da vie jgeat Al CaCl.6Hy0 sale Jin ) ddjl) 5)a
oo el A8l Bha Ay G oaalill Joni Jal e bl pualic pa e
ol Tl s das s
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Bl Glays die jeat 3l POMS ) axais o sed) cpdund) dpuedll daday) &)

opell (27C° Byl dapy vie jgean )l CaCly.6H,0 sale Jis ) 25+30C°
Ol I s caaliy QB il

Gilay de jgati Al PCMs 1 aaaid elsd) ol dpwedl) Laa¥y) Laf o
@iy Mg(NOs),.6H,0-MgCl,.6H,0 eutectic Ji) 40+60C° 3=
WY i) 13g) Sleat) Byl Gags i & Ll 58C° 5ha Gy vie jeualy
Ay Ji G5 zhall da s W ol (eutectic) leall) Jeus gypall lias
Oledlls Jall & el il ((3-3-288 A ol o3 LS leaail 3

il alaiN) slad i s el Jal e PCMs ) alasiid oS4y o
(» (encapsulated) Yoy ¢ laa A DA (e (Domestic hot water)
55+70C°  sha  alayy xe sean Ay, PCMs )
A Aa)y die el g3l Mg(NO3),.6H,0-MgCl,.6H,0 eutectic Ji)
. (58¢C°

e gl BRI e Dle e aadi o Sah oluall il Apedll el @
60+95C° 5l cilay die jguati iy PCMs alge Loy Jalall (g Lgiaels
(89C° 5 )y 4y dic ygualy 5dlly Mg(NO;),.6H,0 i)

Bla dlayy die jean Al PCMs ) s of (€4 Apwedll cliSHA @
117C° 3)ha dap die yeuaiy Ay Mg(NO3),.6H,0 Ji) 100+175C°
Ulas GllAl Aabas mhe canty oSTs ol Saadill 8 saldl) (i Laddisd Lin g
palisial By saldl skl CBGAN oda (-Adisd leail Bha dap e
vl sed) Capsal

dal 0e 25C° (e el yha cilayy die jgan i) PCMs J) alaiul (K4 o
& PCMs 1) a2y o) ams oLl oDlgial 5,0 g & Sl s

¢

(D) 5553 85 3 ylal) cldll) (gAY el
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adl) Jad) s G Juadll
Analytical Solution
14,120 dadia 1-3

Jsha—ayll) LBl jalshll e daplll & Sale plahs Hleally daaill Gala o
adds ol & o Al cladasdl 4 (clilhll dasal e adall <)
Lais 1 ie lGEN (e aael) 3 oheday (Lleat¥ls 2eadl) oijallall Gals o LS (Jlal)
Lin il BN & T cCall cayall ((ASHRAE,1990,1993) dexksY
ol calall) ccile Ul el delia (ASLual) £ i) e liall clipdatl) cdgal) ¢liaeY)
Tanasa Waand Liori 1992, Chenge and Ski ) (<Y G I ¢ L) iYL Jll,
@kl Jeaill andiiy M (ghall padll 4 Qg (1991, Flemings 1974

.(Dewinter 1990) (PCMs) _shll 5yxia Jsall ila /il

Sl sl daalall Jgiall :oe A0 Aual] Jie) Aasl)l A0l gaydll dadalyl 3
Liag bla dayd die lealVls daaill jeday 4@l el (Ahaeeieee... 3 e eadand)
Aapd (e Lpaal Ji Lrzall 530 0 ale <y (R 3)ha Ay Lk JS) Crises
aaind A (sl Jaiall) gl Jars die (65 A yaall V) aliee o L) 3yl
Lokl Jeaill s e il )hall Ay Sale

Cua) Jsall o3 S Ll hraally syl dapn ) cilia) A e dsal 8 U
(Dl Byha dapay deatl) Bha Aoy (g DR Alia maay

LSl Jsialls dpalall clibll Taa Cpiales leaVls aeadll Bl of LS

cagil] Aadly A g aal) ASalinn ga il Alal) Jrad culy il 1388 2 gas ddalinall
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PO A e (e lglon (S (gpshall Jsatl o ] daglaiall (Saaliansa il sl cliiasls o
iy skl A gsSe 9 AaalS Atlasl A8 ) (Aiiall Adsall) 3al) G 46
Jasbatie osS3 of

b Baaly sale (e 43Sl Adapll ilashaiall 3 Tanad) 138 alasin bl aal o saaly
tsrs skl Jsaill ¢ U Jaraalls 5l Aayn G AR daxd A 590008 Ailas

dT TAv

(hB - hA L”S‘jl-ﬂ-ﬂ-}) B ))H\ é;\ A J)H\ e Lﬁ,)}!“]\ d};ﬂ\ u_\n:u\ :hSl U'.\g;

B-1

(Vg —va) =B shlls A shll o esill aaall & DAY AV

hg dwd & Bl jshall g8 B shally caleall jehall a0 A jslall o Lcagial 13

-

A 54

IO Sleaty) ylm dapa alap Jarcall 3al) aie 48 Jaadls (3 — 1) dabeddl dudyays
Jall s LS lall jshall ane €f Jilall slall egill anall (5 Laie &) Av >0
dapd sl L (gt Jaaall 525 a8 AV < 0 1 (IS 1Y) oS ¢ jpaail) 33l

(el dal e Jall 4 LS HleaN) 5)a

Gl [dile gyshll Jsaill G (glassy) dalall dsally o A Mgl Gany b
diey algall o2 G SEI ekl Y V) skl (e ALl Cliialsally oan)si i

LS IS a5 Aagil) G Bl bl slall ) Bl skl (e gl
lagan allial leaty) Algws LA, adally a0 Mgall Jie e @llia g aY) alid)
End Nsall o3 & (gyshll Jenill Gugaa diey Jladl hally caliall yshall G daal;
g ke ed Gl Qa5 Al 8 el Alall o ol Al alsal) a8 8 3
L e apuill Joaill Wl o(dpmlad) dpbill cla ) clual) 3 ST Oy 4l

(ge B2 i) LDAN B el
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Oo O5Se el LIk inie Caiay 535 (3-1) JSall b maalsll kY1 iaie Jaliy

.b 9a u.\hba

Liquidus

(11 gasal) (1) (AL gasal Jila fibia skl (ada (3-1) Jsil)

S S 5 sl ol Yty L il Sl il B b salell S5 iy
R IRR!

Oe Clipall (am Gy Sy @ Balall (e (Sl el e lse e sk e Jy :S,

Gy oSUs b ol (e Sk el e ilie ilia sk e Jyy 1S, Sl cb saldl)

.2 salall pe liiall (axy

dahiall ol A L) dilie 48 a8 o3 Laall 1)yl (Liquidus) Alsy) s e
bsa oildl Ge sSe bt Bls sk L aag (A

skl sag) Al (liall slall dilaie Juady o3 Jadll s (Solidus) calaill s e
t ot bl sda (ahliadl b e (bsa gl (e osSall alal)

il [Qla m Adhic @
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-(Sa) hid a salall (e Sh lia jsha Adhaia @
-(Sp) hsé b salal (e &e Gla sk Ashia @

Aty Adgaasally Gailaiall Jlad) Ladal) dadaie g (1) Adais apds crpasill (o Ayl
(V533 poiall badll ws) 2y ¢(3-1 JS) b mage 8 L) Ty By Aoy gu 3uS5
caanill fay AILY) Jad e A 3l Jaggd Laxie L ()g) A6 585 A e Lalial) as

+(Sa) @ Balell bl shally Jilud) (e made Al s
.(Mushy Zone) 4eda dihis o) Gojsh (e O5Se gide JS

skl dang @ sald) (e o0 (A Alall Hshall Lias dalaial) @l 8 (2) ddaial) xie
aaah Ll skl NS, caliall shall RSN Lol . b salad) (e g b Sl
:(2) Adadill die &g lshaY) Bacld alasiuly

X2L — X2

X2~ X2,5a

S) s Lda e Jaas . (3) Akaill Lo el bad Jiud Y apal Lags 13
Adlly ¢ b Balall (e 35 @ B3l e Yzsa o ssim Sps Sy e (alloy AS
1(3) sl die Lgiads by sae i) Tasae 20a3 Sy shall NS, skl (e A0
X3,5p — X3
X3~ X35a
j.l C"-J'd\ HXG ‘);\S‘).\M dﬁ\}fﬁ (5%) (e) idaaill GQ}Q)JAA idagy dedg Ll ‘_A.G Ll
e Ay Hodl 0p il okl ) Bl skl e sty 4l X 585
(Eutectic Concentratio ) Jlgal¥) Jew 3SAIL 58S 5l 13 cny (Mushy Zone)
.(Eutectic) lgmai! g ASpuadd) ;o aie Ll (Apll) liall eyially

&b sk IS dasy Sl phall daal lgbads Gash (e e lead Adhie gay ()
Ma by eaietl) A3l Allie Jag il 038 e shall JU) Qs e das el
Jilal) 2ead (o edlld e $le ALY syhall JEnl <Y aledd (Simultaneous) Ll

(g g (U e Bale i

49



[l Jadi] Sl Jasl)

Sl Zshud)l o (Bl 3 shseall Blaliall (any 8 ah caliall ghall yela ()
.(Dendrites) izl Lo saiee JISEL VS pali deaill dglec ¢ L3

Jasall daats agall Al Gugpdal) il JSEN Jaad SA Al L) oda (S
Agal) 84 Llee 4l AU sl

OsS O (S 2anilly Jleat) Silee Ul A B aS e B sl plad )
Ol 058 o OSas 3L Gl e sl Bl s e gl oluall 13
Sl A 5 g die ol Byhall A Cas L) ASES 8 (358 Cigas die auba
U Bl aead Jie JLa¥) gliall e Siny goshal) Jeadll G aaadldly jpall o
Jelaill &) aslya oL Ll BLus) Cugan W 55 o 51 535l canlil cana 0y5 5

Sluall ST ol sl JE) ple G L Wil sy gy o3 e Al

Gy SV o3 Jie dalleag dole e ST agay Jla 8 A8 Jliwl Ble ) 28l

ol Alen el @A) canlid) dpagall A (e a5

A iy alae —ALSY Bliad —48Ua Blias) —AS ) dsaS Sliad) —A )aiud)
.(Simultaneously) cualie J<ay Jad of cany Al
:AAT sgall leally dand 2-3

Oes OSIs (UleadYl) aenill gpallal (lad) by da alag) 58 58l 228 (e Chagdl ()
0335 A 30l a0 Jaladll 5 2adl) Agalal Alisadl G s Jall 138 Jares Jal
(Olsins Jos 8 48U il Jiss Cam) (Jage deadls Byhall Jliwl) lpadl 5 asas
Sl Jall slayl Gl Lalbiaal) culyio)ll) saly deaill 5jals & Geaill Jal e el

ALl 53]

3ale (g (1S Jshall ety Chai pua Wl (3-2) JS8 8 e pall dendll zdser b

eadll Bl dan Ty rdon Tp < T b dagd (sdp Abild) Aally ol 5 pa,
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s Jal ) Joadl

Tf > To ) slad (s (apil mhu) X = 0 dic mhull sha dapnt = 0 () 2
I aley (el 9re o A4l TO Aaf (A5 2yl mhaw s das Jiai To s

T 'y
Solid Te > T,
as X-»
Ts(x.t) Phase change
interface
To
> >
| - X
0 Xt

Gkl 38 (B Juuagilly Blad) JEL) M G Jshl) (AlgdY cinal il pasn 33425 (3-2) Jl
(11 gaall o)

Dshlly Jualdll mdand) Sl o iy (deaZdll) calaall el G JSall 1a 3 sl
ol Jsre g Dl ddl Jualdl)l mhaud) G WS Jualdll mhaudl Gaey o ady Jil
Js) Gl Lapeatill Jal ey Tles USY LS (X small camsall olad¥) el slaily

(Oalege g LYy Jaall) Juagilly Jadd (g yaall 3))all

P A drasily il shall Jml dlee 1 Jilud) glat) 8

AT, (xt)  0*TL(x,0)

m L= 3 Xt)<x<oo for t>0 3-2)
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T,(x,t)=T; inx >0, at t=0 (3—-3)
o AV lg Aaall T ylly (L) plall el ALYty Cas

T, (x - 00, t) > T; for t>0 (3—-4)

P A deasilly ) shall Jusl e toalal) jglat) 8

0T (x,t)  0°Ts(xt)
ot 5T ox?
o uaal) dag pally cclall phall el A La) sy Cua

in 0<x<X() for t>0 (3-5)

T,(0,t) =T, for t>0 (3—06)
Jealdl) medand) die 3Dl A s Ayl HLEeY) Cpmy 3aY15 Zpaall Jagydll e Llally
tas Jualdl) ol e (Bl gohadl Gilsl) dalea ket days
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EES code

((e)**(lambda**2))/(erf(lambda))-k_I/k_s*sqrt(alpha_s/alpha_I)*(T_i-T_H)/(T_f-T_o)*((e**((alpha_s/alpha_l)*lambda**2))

/(erfc(lambda*sqrt(alpha_s/alpha_l))))=(lambda*sqrt(pi)/Ste_s)
Ste_s=(c_s*(T_f-T_o)/h_sl)
X_t=100*2*lambda*(alpha_s*(tau*3600))**0.5

7 o

= A
Ols Stes
Erfc | A .
ol

e[lz] ki a_s_[Ti—Tf]_

Erf[?»]_k_s. ol Tt — To

[Tf — To :|
Stes = ¢s - |/
hsl

Xt = 100 - 2 - % - [as - . 3600 )"

Parametric Table: Tau=f(X)

a Os Cs e hs ki ks A Stes T
Run 1 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 1.000E-100
Run 2 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 8.998
Run 3 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 35.99
Run 4 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 80.98
Run 5 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 144
Run 6 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 225
Run 7 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 323.9
Run 8 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 440.9
Run 9 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 575.9
Run 10 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 728.9
Run 11 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 899.8
Run 12 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 1089
Run 13 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 1296
Run 14 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 1521
Run 15 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 1764
Run 16 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 2025
Run 17 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 2304
Run 18 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 2600
Run 19 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 2915
Run 20 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 3248
Run 21 1.400E-07 1.200E-06 4180 2.718 334000 0.6 2.22 0.1268 0.1026 3599

Parametric Table: Tau=f(X)

Ts Ti To Xt
Run 1 273.2 300 265 0
Run 2 273.2 300 265 5
Run 3 273.2 300 265 10
Run 4 273.2 300 265 15
Run5 273.2 300 265 20
Run 6 273.2 300 265 25
Run 7 273.2 300 265 30
Run 8 273.2 300 265 35
Run 9 273.2 300 265 40
Run 10 273.2 300 265 45
Run 11 273.2 300 265 50
Run 12 273.2 300 265 55
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Parametric Table: Tau=f(X)

Tt Ti To Xt
Run 13 273.2 300 265 60
Run 14 273.2 300 265 65
Run 15 273.2 300 265 70
Run 16 273.2 300 265 75
Run 17 273.2 300 265 80
Run 18 273.2 300 265 85
Run 19 273.2 300 265 90
Run 20 273.2 300 265 95
Run 21 273.2 300 265 100

T T T T
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kl:= 0.6 ks:=22as:=1.2-10ad := 0.14.10—6
ti := 300tf := 273.15t0 := 265
¢s:= 4180  hsl := 334000
“le = cs-(tf — to)
ste = 0.102 hsl = 0.1264
2 ti—tf
g 2.71>\ b= lfc;: &S 4= - to
T erf(\) k™ o al
asj 2
bl % Qas
( , =erfc| | N\ [ —
Fi 9 2O . c(( alD
i = % Ll:=a—-(b-c-d-1)
stec = L\/?T stec = 0.102
L1 a=7.162
b=10.27
x = 0.0167 c_ 2978
2 d =329 T the time in hour
- * f=1.146 x the distance of interface in meter
422 s-3600 h = 0.601
1= 1.908
1.1 = 2.188

T=1.01
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Application Characteristics of PLEXIGLAS®

PLEXIGLAS® GS

PLEXIGLAS® XT

cast

extruded

absolutely colorless and clear

break-resistant to impact-resistant
(PLEXIGLAS RESIST® HP)

break-resistant to impact-resistant
(PLEXIGLAS RESIST® 45 ... 100)

unequalled resistance to weathering and aging

high-quality surface and planarity; high-gloss,
textured or satin (PLEXIGLAS SATINICE® DC/SC)

very good surface; high-gloss, textured or satin
(PLEXIGLAS® Crystal Ice)

solid sheets, blocks, tubes, round and square rods

solid sheets, tubes, round rods, multi-skin sheets,
corrugated sheets, mirror sheets

2 mm to 160 mm solid sheet/block thickness

1.5 to 25 mm solid sheet thickness, multi-skin sheets
8, 16 and 32 mm thick

tandard sizes up to 3050 x 2030 mm

standard size 3050 x 2050 mm, extra lengths and
special sizes on request

over 50 standard color

over 25 standard colors

good resistance to dilute acids and to alkalis
limited resistance to organic solvents

very easy to work, similar to hardwood

easy to work, similar to hardwood

easy to thermoform over a wide range of conditions

very easy to thermoform under optimal, constant
conditions

easily and firmly bonded, e.g. with reaction adhesives
(e.g. ACRIFIX® 1R 0190, TR 0192)

very easily bonded, also with solvent adhesives
(e.g. ACRIFIX® 1S 0116, 1S 0117)

burns more or less like hardwood;
very little smoke generation;
combustion gases are non-toxic and non-corrosive

max. service temperature approx. 80 °C

max. service temperature approx. 70°C




Typlcal Property Values (at 23°C and 50 % relative humidity)

| Mechanical properties

PLEXIGLAS® GS
233;222; 209;

PLEXIGLAS® XT
20070; 29070

PLEXIGLAS RESIST®

(OF00; OF00; 0209) (0A000; 0A070) 45; 65;75; 100 Unit Teststandard
Density p 1,19 1,19 1,19 g/cm? 1SO 1183
Impact strength a_, (Charpy) 15 15 45; 65; 75; no break | kJ/m? 1SO 179/1fu
Notched impact strengh a,, (Izod) 1,6 1,6 2,5; 4,5; 6,0; 6,5 k)/m? 1SO180/1 A
Notched impact strength a , (Charpy) - - 3,5;6,5;7,5;8,0 kJ/m? 1SO 179/1eA
Tensile strength O,
a) -40°C 110 100 -
b) 23°C 80 72 60; 50; 45; 40
) 70°C 40 35 - MPa 1SO 527-2/1B/5
Elongation at break &, 5,5 4,5 - % 1SO 527-2/1B/5
Nominal elongation at break ¢, - - 10; 15; 20; 25 % 1SO 527-2/1B/50
Flexural strength o, Standard test specimen
(80x10 x4 mm3) 115 105 95; 85; 77; 69 MPa 1ISO 178
Compressive yield stress O, 110 103 - MPa 1SO 604
Max. safety stress O,
(up to 40°C) 5-10 5-10 5-10 MPa -
Modulus of elasticity E, 2700; 2200;
(short-term value) 3300 3300 2000; 1800 MPa 1SO 527-2/1B/1
270 x thickness;
210 x thickness;
180 x thickness;
Min. cold bending radius 330 x thickness 330 x thickness 150 x thickness - -
Dynamic shear modulus G at approx. 10 Hz 1700 1700 - MPa ISO 537
145; 130;
Indentation hardness H,, ., 175 175 120; 100 MPa 1SO 2039-1
20-30;
30-40;
Abrasion resistance in Taber abrader test 30-40;
(100 rev.; 5,4 N; CS-10F) 20-30 20-30 30-40; % haze ISO 9352
Coefficient of friction p
a) plastic / plastic 0,8 0,8 -
b) plastic / steel 0,5 0,5 -
c) steel / plastic 0,45 0,45 - - -
Poisson’s ratio p,
(dilatation speed of 5% per min; up to 2% 0,41; 0,42,
dilatation; at 23 °C) 0,37 0,37 0,41; 0,43 - 1SO 527-1
-; 6Y; (6); 62 mm similar to
Resistance to puck impact from thickness 12 mm (146/901 869/Sm/C; DIN 18 032,
(Test Certificate No. from FMPA Stuttgart) - (46/900 549) 246/901 870/Sm/C) - Part 3
| Acoustical properties
PLEXIGLAS® GS PLEXIGLAS® XT
233;222; 209; 20070; 29070 PLEXIGLAS RESIST®
(OF00; OF00; 0209) (0A000; 0A070) 45; 65; 75; 100 Unit Teststandard
Sound velocity
(at room temperature) 2700-2800 2700-2800 - m/s -
Weight sounded reduction index R,
at thickness:
4 mm 26 26 -
6 mm 30 30 -
10 mm 32 32 - dB -




| Optical properties (of clear grades, at 3 mm thickness)

PLEXIGLAS® GS PLEXIGLAS® XT
233;222;209; 20070; 29070 PLEXIGLAS RESIST®
(OF00; OF00; 0209) (0A000; 0A070) 45; 65;75; 100 Unit Teststandard
Transmittance ~92 ~92 ~91 % DIN 5036, Part 3
no; no;
UV transmission no; no; no no; yes no; no - -
Reflecion loss the visible range
(for each surface) 4 4 4 % -
Total energy transmittance g 85 85 85 % DIN EN 410
Adsorption in the visible range < 0,05 < 0,05 <0,05 % -
Refractive index n,*° 1,491 1,491 1,491 - 1SO 489
| Electrical properties
PLEXIGLAS® GS PLEXIGLAS® XT
233;222;209; 20070; 29070 PLEXIGLAS RESIST®
(OF00; OF00; 0Z209) (0A000; 0A070) 45; 65;75; 100 Unit Teststandard
DIN VDE 0303,
Volume resistivity p, >10" >10" >10™ Ohm*-cm Part 3
DIN VDE 0303,
Surface resistivity O R, 5-10" 5-10" >10™ Ohm Part 3
Dielectric strength E, DIN VDE 0303,
(1 mm specimen thickness) ~30 ~30 - kV/mm Part 2
Dielectric constant &
at 50 Hz 3,6 3,7 - - DIN VDE 0303,
at 0,1 MHz 2,7 2,8 - - Part 4
Dissipation factor tan &
at50H 0,06 0,06 - - DIN VDE 0303,
at 0,1 MHz 0,02 0,03 - - Part 4
DIN VDE 0303,
Tracking, CTI-Value 600 600 - - Part 1
| Behavior towards water
PLEXIGLAS® GS PLEXIGLAS® XT
233;222;209; 20070; 29070 PLEXIGLAS RESIST®
(OF00; OF00; 0209) (0A000; 0A070) 45; 65;75; 100 Unit Teststandard
Water absorption (24 hrs, 23°C)
from dry state; 1SO 62,
specimen 60 x 60 x 2 mm? 41 38 41;45; 46; 49 mg Method 1
Max. weight gain 1SO 62,
during immersion 2,1 2,1 2,1 % Method 1
Permeability to water vapour 2,3-107° 2,3-107° _
N, 4,5-107 4,5-10" -
o, 2,0-107 2,0-107 _
o, 1,1-1073 1,1-10 _ gem
air 8,3-107 8,3:10" - cm?h Pa -




| Thermal properties

PLEXIGLAS® GS
233;222; 209;

PLEXIGLAS®XT
20070; 29070

PLEXIGLAS RESIST®

(OF00; OF00; 0Z09) (0A000; 0A070) 45; 65;75; 100 Unit Teststandard
7-107%;8-10%;9-10;
Coefficient of linear thermal expansion 7-10% 7-10° 11-10%(0,07; 0,08; 1/K
o for 0-50°C (=0,07) (=0,07) 0,09;0,11) (mm/m°C) DIN 53752-A
Possible expansion due to heat and
moisture 5 5 5;6;6;8 mm/m -
Thermal conductivity A 0,19 0,19 - W /mK DIN 52612
U-value, for thickness:
1 mm 5.8 5,8 5.8
3mm 5.6 5,6 5.6
5mm 53 53 53
10 mm 4,4 44 44 W/m2K DIN 4701
Specific heat c 1,47 1,47 1,47 J/gK -
150-160;
140-150;
140-150;
Forming temperature 160-175 150-160 140-150 °C -
Max. surface temperature
(IR radiator) 200 180 - °C -
Max. permanent service temperature 80 70 70; 70; 70; 65 °C -
>80; > 80;
Reverse forming temperature > 80; >80; >90 >80; >80 >75;>70 °C -
Ignition temperature 425 430 - °C DIN 51794
Smoke gas volume very little very little very little - DIN 4102
Smoke gas toxicity non non non - DIN 53436
Smoke gas corrosiveness non non non - -
DIN 4102
B2, B2 B2 - BS476,Part7 +6
Class 3 Class 3 - - BS 2782,
Class TP (b) TP (b) - - Method 508 A
Fire rating E E E - DINEN 13501
German building inspectorate test
report P-K017 /11.06 P-K018 / 02.07 P-K019 / 05.07 - -
102; 100; 1SO 306,
Vicat softening temperature 115 103 100; 97 °C Method B 50
Heat deflection temperature
under load (HDT)
a) deflection 1,8 MPa 105;105; 107 95 94;93;92; 90
b) deflection 0,45 MPa 113;113; 115 100 99;98; 96; 93 °C ISO75

Global Availability

We sell our PLEXIGLAS® products both directly to fabricators and via a closely meshed network of distributors. The extensive
and efficient distribution system ensures that products are rapidly available throughout Europe, Asia, Australia and Africa. In the
Americas, the business unit has its own production facilities and distribution system. Our range is sold in that part of the world

under the ACRYLITE® trademark.
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Properties Of Water

E.1 Introduction

In order to calculate the heat transfer of the water experimentally it is necessary
to calculate the properties of water. These properties can be read from tables but
since so many properties must be obtained at different conditions an easier method
was necessary. It was decided to do a line fit through the property conditions and
therefore get an equation for each different property at different conditions.

E.2 Obtaining equations for properties

Table E.1 shows the data, which was obtained from IncroperaE'1

on graphs.

and plotted

Table E.1. Properties of water at different temperatures.

T r CP H k Pr
(K] [kg/m*] [J/kg. K1 [[10° N.s/m*] | [107 W/m.K] [ ]
273.15 1000.0 4217 L1750 569 12.99
275 1000.0 4211 L1652 574 12.22
280 1000.0 4198 1422 582 10.26
285 1000.0 4189 1225 590 8.81
290 999.0 4184 1080 598 7.56
295 998.0 4181 959 606 6.62
300 997.0 4179 855 613 5.83
305 995.0 4178 769 620 5.2
310 993.0 4178 695 628 4.62
315 991.1 4179 631 634 4.16
320 989.1 4180 577 640 3.77
325 987.2 4182 528 645 3.42
330 984.3 4184 489 650 3.15
335 982.3 4186 453 656 2.88
340 979.4 4188 420 660 2.66
345 976.6 4191 389 668 2.45
350 973.7 4195 365 668 2.29
355 970.9 4199 343 671 2.14
360 967.1 4203 324 674 2.02
365 963.4 4209 306 677 1.91
370 960.6 4214 289 679 1.8
373.15 957.9 4217 279 680 1.76
375 956.9 4220 274 681 1.7
380 953.3 4226 260 683 1.61
385 949.7 4232 248 685 1.53
390 945.2 4239 237 686 1.47
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Graph E.1. Density of water at different temperatures.
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Equations for the different properties of water are obtained by fitting trendlines
through the different points. The equations obtained are given below in the order of
density, specific heat at constant pressure, viscosity, thermal conductivity and Prandtl
number. In each case the x represents the temperature and the y the specific property.

y=-7E-11x® + 1E-07x° - 0.0001x" + 0.0534x” - 13.5x> + 1818.6x - 100944
y =2B-10x° - 5E-07x> + 0.0004x" - 0.2075x° + 54.956x> - 7742.6x + 457643
y =2E-09x° - 5E-06x> + 0.0044x" - 2.0519x” + 534.05x% - 74221x + 4E+06
y=-1E-10x°® + 2E-07x° - 0.0002x" + 0.078x” - 19.804x> + 2668.4x — 148849
y =2E-11x° - 4E-08x’ + 4E-05x* - 0.0172x> + 4.4936x> - 626.19x + 36425

From the equations above the coefficients are not given very accurately.
Therefore another function in Microsoft Excel is needed to obtain these coefficients.
The function is LINEST and does the same procedure as the trendline fit but gives
more accurate results. The general equation with the coefficients is given in Eq. E.I
and the results in Table E.2.

y=Cex®+ Csx” + Cax* + C3x* + Cox* + Cix + Cy (E.1)

Table E.2. Coefficients of trendlines calculated with LINEST function.

Cs Cs C, C, C, C, Co

-6.8848E-11 | 1.4008E-07 | -1.1852E-04 | 5.3376E-02 |-1.3500E+01| 1.8186E+03 [-1.0094E+05

2.8410E-10 | -5.9969E-07 | 5.2619E-04 | -2.4565E-01 | 6.4368E+01 | -8.9769E+03 | 5.2488E+05

2.9875E-09 | -6.1708E-06 | 5.3083E-03 |-2.4352E+00| 6.2858E+02 | -8.6619E+04 | 4.9827E+06

-1.1756E-10 | 2.4140E-07 | -2.0541E-04 | 9.2716E-02 |-2.3422E+01 [ 3.1429E+03 [-1.7470E+05

S RERE

2.4859E-11 | -5.1485E-08 | 4.4407E-05 | -2.0424E-02 | 5.2852E+00 (-7.3000E+02 | 4.2080E+04




E-5

The percentage difference to the properties obtained with the LINEST
trendlines and the original tables is obtained by calculating the difference between the
calculated value and the tabulated value and divided by the correct tabulated value as
a percentage. The average difference as well as the maximum difference & given in
Table E.3.

Table E.3. Differences between tabulated values and LINEST trendline.

Average Maximum Temperature
difference difference where maximum
difference occur
[%0] [%0] (K]
r 0.019% 0.050% 365
C, 0.006% 0.012% 360
m 0.221% 0.534% 335
k 0.077% 0.477% 345
Pr 0.280% 1.114% 373.15

As a final check the different equations of the properties is used to calculate the
Prandtl number according to Eg. E.2 and compared to the tabulated value. This
results in an average difference of 0.353% with a maximum difference of 1.576% at
373.15K.

Cpm
Pr= p (E.2)

From literature®? it was founded that more accurate equations exist since the

data used for the calculation was obtained from more accurate and complete
internationally accepted steam tables. These equations for the properties of water are
listed below (Eq. E.3. — E.8.) and the uncertainty of each equation in Table E.4. All
temperatures in degrees Celsius and not in degrees Kelvin.

r =999.79684 + 0.068317355X T — 0010740248 x T* +0.00082140905x 7

E.3
~2.3030988x 107 x 7° (E.3)

h=-2844699x 1072 +4211925x T—1.017034x 107 x T* +1.311054x107° x T
— 6756469 x10 " x T* +1.724481x107"° x T°

(E.4)
C, =42174356— 00056181625 x T + 00012992528 x T'** 5
— 000011535353 x T> + 414964 x 10°° x T*° '
1
(E.6)

"= 557.82468 + 19.408782 x T + 0.1360459 x 7> — 3.1160832 x 10™* x T



E-6

k = 05650285+ 0.0026363895x T —0.00012516934 x T'*

-6 2 0.5 (E7)
—151549180%x 10" x T —0.0009412945 x T™
Pr= !
"~ 0.074763403 + 0.0029020983 x T+ 28606181 x107° x T? —8.1395537 x 10 x T
(E.8)

Table E.4. Uncertainties of equations E.3. to E.8.

r +0.001% - £0.003%
h +0.057%

C, +0.04%

m +1%

k +2%

Pr +2.3%

Therefore Eq. E.3. — E.§ are used to calculate the properties of water in the
interpretation of the experimental results.

E.3 Nomenclature

specific heat at constant pressure [J/kg. K]
h enthalpy [kJ/kg]
k thermal conductivity [ /m.K]

Pr Prandtl number [ ]
X temperature at which property of water is determined [K]
y specific property of water

Greek symbols

m dynamic viscosity [N.s/mz]

r density [kg/m’]
E.4 References

E.l. Incropera FP & DeWitt DP. Introduction to Heat Transfer, 3 ed., John
Wiley & Sons, Inc., New York, USA 1996.

E.2. Popiel CO & Wojtkowiak J. Simple Formulas for Thermophysical Properties of
Liquid Water for Heat Transfer Calculations (from 0°C to 150°C), Heat Transfer
Engineering, 1998, 19, 87-101.
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STANDARD ITS-90 THERMOCOUPLE TABLES

The Instrument Society of America (ISA) has assigned standard letter designations to a number
of thermocouple types having specified emf-temperature relations. These designations and the
approximate metal compositions which meet the required relations, as well as the useful
temperature ranges, are given below:

Type B (Pt +30% Rh) vs. (Pt + 6% Rh) 0 to 1820°C
Type E (Ni+ 10% Cr) vs. (Cu + 43% Ni) -270 to 1000°C
TypeJ Fe vs. (Cu +43% Ni) -210 to 1200°C
Type K (Ni + 10% Cr) vs. (Ni+ 2% Al + 2% Mn + 1% Si) -270 to 1372°C
Type N (Ni+ 14% Cr + 1.5% Si) vs. (Ni +4.5% Si+ 0. 1% Mg) -270 to 1300°C
Type R (Pt + 13% Rh) vs. Pt -50 to 1768°C
Type S (Pt +10% Rh) vs. Pt -50 to 1768°C
Type T Cu vs. (Cu +43% Ni) -270 to 400°C

The compositions are given in weight percent, and the positive leg is listed first. It should be
emphasized that the standard letter designations do not imply a precise composition but rather
that the specified emf-temperature relation is satisfied.

The first set of tables below lists, for each thermocouple type, the emf as a function of
temperature on the International Temperature Scale of 1990 (ITS-90). The coefficients in the
equation used to generate the table are also given. The second set of tables gives the inverse
relationships, i.e., the coefficients in the polynomial equation which expresses the temperature as a
function of thermocouple emf. The accuracy of these equations is also stated.

Further details and tables at closer intervals may be found in Reference 1.

REFERENCES

1. Burns, G. W., Seroger, M. G., Strouse, G. F., Croarkin, M. C., and Guthrie, W.F.,
Temperature-Electromotive Force Reference Functions and Tables for the
Letter-Designated Thermocouple Types Based on the ITS-90, Nat. Inst. Stand. Tech.
(U.S.) Monogr. 175, 1993.

2. Schooley, J. F., Thermometry, CRC Press, Boca Raton, FL, 1986.



Type K thermocouples: emf-temperature (vC) reference table and equations

Thermocouple emf in Millivolts as a Function of Temperature in Degrees Celsius (ITS-90)

Reference Junctions at 0°C

1/°C

-200
-100
0

t/°C

100
200
300
400

500
600
700
800
900

1000
1100
1200
1300

0

-5.891
-3.554
0.000

0.000
4.096
8.138
12.209
16.397

20.644
24.905
29.129
33.275
37.326

41.276
45.119
48.838
52.410

-10

-6.035
-3.852
-0.392

10

0.397
4.509
8.539
12.624
16.820

21.071
25.330
29.548
33.685
37.725

41.665
45.497
49.202
52.759

-20

-6.158
-4.138
-0.778

20

0.798
4.920
8.940
13.040
17.243

21.497
25.755
29.965
34.093
38.124

42.053
45.873
49.565
53.106

-30

-6.262
-4.411
-1.156

30

1.203
5.328
9.343
13.457
17.667

21.924
26.179
30.382
34.501
38.522

42.440
46.249
49.926
53.451

40

-6.344
-4.669
-1.527

40

1.612
5.735
9.747
13.874
18.091

22.350
26.602
30.798
34.908
38.918

42.826
46.623
50.286
53.795

-50

-6.404
-4.913
-1.889

50

2.023
6.138
10.153
14.293
18.516

22.776
27.025
31.213
35.313
39.314

43.211
46.995
50.644
54.138

-60

-6.441
-5.141
-2.243

60

2.436
6.540
10.561
14.713
18.941

23.203
27.447
31.628
35.718
39.708

43.595
47.367
51.000
54.479

-70

-6.458
-5.354
-2.587

70

2.851
6.941
10.971
15.133
19.366

23.629
27.869
32.041
36.121
40.101

43.978
47.737
51.355
54.819

-80

-5.550
-2.920

80

3.267
7.340
11.382
15.554
19.792

24.055
28.289
32.453
36.524
40.494

44.359
48.105
51.708

-90

-5.730
-3.243

90

3.682
7.739
11.795
15.975
20.218

24.480
28.710
32.865
36.925
40.885

44.740
48.473
52.060

-100

-5.891
-3.554

100

4.096
8.138
12.209
16.397
20.644

24.905
29.129
33.275
37.326
41.276

45.119
48.838
52.410
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Solver Type

Pressure -

Based
Velocity Formulation Absolute
Time Transient
Gravity Y=9.81 m/S2
Energy On
Viscous Model Standard K-e
On
Solidification& Melting Mushy zone Constant=
0 [pure
Parmetr .
material]
Water-Liquid
Fluid/ Water Liqud
temp=
Inlet-Wall Wall 265 K
Tank-Wall Wall Heat
flux=0
simple
Green-Gauss Cell
Based
Standard

Second Order Upwind

Second Order Upwind

Second Order Upwind

First Order Implicit
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0.001
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