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Annotatsiya. Butun dunyoda energiyaga bo‘lgan talabning ortishi, ananaviy yoqilgi
resurslarini yer sharida bir xilda tagsimlanmaganligi, ulardan foydalanganda karbonat angidrid
gazlarining atrof muhitga salbiy tasirining yuqoriligi, bugungi kunda quyosh energiyasidan
foydalanashish imkonyatlarini oshiruvchi va olingan energiyani akkumulyatsiya qiluvchi
moddalarning solishtirma issiglik sig‘imini aniglash hamda fazaviy o ‘tuvchi materiallarni
xususiyatidan kelib chiggan holda quyosh qurilmalariga foydalanish energiya taqchilligini oldinini
olishning samarali bir yo ‘li hisoblanadi.

Ushbu maqolada fazaviy o ‘tuvchi materiallardan biri bo ‘lgan parafinning suyuq va gattiq
holatdagi solishtirma issiglik sig imi va issiglik o ‘tkazuzchanlik koeffitsiyenti laboratoriya sharoitida
tajribalar o ‘tkazilganda olingan natijalar, hamda nazariy hisoblashlar yordamida aniglangan.

Magolada mualliflar tomonidan laboratoriya sharotida tajribaviy tadgigotlar o ‘tkazish
natijasida fazaviy o ‘tuvchi material (FO‘M) ning issiqlik xossalari T-history usuli yordamida
aniglangan. Bunda moddalar issiglik quvvatlarini tajribaviy tadgiqot gilish, issiglik-texnik
parametrlarini aniglash va hisoblash usullaridan foydalanilgan.

Mualliflar tomonidan tajribadan olingan natijalar asosida parafinning suyuq (cp,) va gattiq
(cps) holatdagi solishtirma issiqlik sig‘imi, sintez issigligi (Hm) va issiglik o ‘tkazuzchanlik
koeffitsiyenti (ks) aniglangan. Hisoblashlar natijasiga ko ‘ra parafinning suyuq holatdagi solishtirma
issiglik sig ‘imi ¢p1=3545 J/(kg'K), qotish jarayonida solishtirma issiglik sig ‘imi Cps=5288 J/(kg'K),
sintez issigligi Hn=256 10° J/kg va issiqlik o ‘tkazuzchanlik koeffitsiyenti ks=0.168 W/(m-K) ga teng
bo ‘lishi aniglangan.

Parafinning suyug cpy va qattig cps holatdagi solishtirma issiglik sigimi va issiglik
o ‘tkazuzchanlik koeffitsiyenti ks aniglangan. FO‘M larning qotish jarayoni (faza o ‘zgarish
jarayoni)da solishtirma issiglik sig‘imi 60 k J/(kg-K)gacha ortib borishi aniglangan. Solishtirma
issiglik sig ‘imining eng yugori nugtasidagi harorat shu material uchun erish va gotish harorati ekani
ko ‘rsatilgan. Quyosh qurilmarini uzluksiz rejimda ishlashini taminlash magsadida issiglik yig ‘uvchi
materal sifatida parafinning issiglik-texnik parametrlari o ‘rganilgan.

Kalit se‘zlar: fazaviy o ‘tuvchi material, issiglik o ‘tkazuvchanlik koeffitsiyenti, Stefan soni, Bio
soni, T-history usuli, solishtirma issiglik sig‘imi, sintez issigligi, konvektiv issiglik berish
koeffitsiyenti, harorat sensori.
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Annomauusn. Yeenuuenue cnpoca Ha dHEPeUIO 80 6CeM MUpe, HepaGHOMEPHOE pacnpedeneHue
MPAOUYUOHHBIX MONIUBHBIX PECYPCOB NO BCEMY 3eMHOMY WLAPY, 8bICOKOE He2amueHoe 8030elicmaue
VeNeKUCTBIX 2308 HA OKPYHCAIOWYIO Cpedy NPU UX UCNONIb308AHUL, Onpedensoujee OMHOCUMENTbHYIO
Meni0eMKOCb MAmepuanos, NOSbIUAWUE 803MONCHOCIU UCNONIL308AHUS CONIHEUHOU HepUU U
HAaKONJIEHUs. NOJYYEHHOU IHEeP2UU, d MAKIHCe UCNONb3068AHUe MAMePUanos azo8o2o nepexooda 0.
COJIHEUHBIX YCMPOLUCME A61emcs 3P HeKmusHvIM cnocobom npedomepaujerus oeghuyuma sHepeuu.

B omoti cmamve Oviiu  onpedenenvl  yOenvbHAs MENIOEMKOCHb U KO3pduyuenm
Menionpo8oOHOCMU NAPAPUHA, 0OHO20 U3 MAMEPUANO8 C PA308bIM NEPEXOOOM, KAK 8 HCUOKOM, MAK
U 6 meepooM COCMOSHUU, C UCNONb30GAHUEM DE3YIbmamos, NOJIYYEHHbIX HNpU NPOBedeHUU
9KCNEPUMEHMO8 8 1AOOPAMOPHBIX YCI0BUAX, A MAKICE MEOPEeMUUECKUX PACHEeMmO8.

B cmamve mepmuueckue ceoticmea mamepuana ¢azosoeo nepexooa (M®DII) onpedenenvi
memodom T-history e pesyromame sxcnepumenmanbHblx UCC1e008aHUll, NPOBEOCHHBIX ABMOPAMU 6
nabopamopuwix yciosusx. IIpu 5mom ucnonvb308aiucs Memoovl IKCNEPUMEHMATbHO20 UCCe008AHUS
menyioeMKoCmell 8ewiecms, OnpedeierHus U pacyema meniomexHuieckux napamempos.

Ha ocnosanuu pezynomamos, nonyueHHviX aemopamu 6 3KcnepumeHnme, Obliu onpeoeneHvl
yoenvHas menioemkocms, menioma niasienus (Hm) u xosgpdpuyuenm mennonposoonocmu (ks)
napaguua 6 ocuokom (cp)) u meepoom (cps) cocmosimuu. Coenacho pacuemam, YOeabHAs
menioemMKocmy napaguna 6 Hcuokom cocmoanuu Cp1=3545 Howc/(keK), yoenvnaa mennoemxocmo
npu 3ameepoesanuu Cps=5288 Jlc/(ke'K), mennoma naaenenus Hm= 256-10° Ic/xe, a
K02 huyuenm mennonposoonocmu oxazancs pagnvim ks=0,168 Bm/(m-K).

OnpedeneHvl yOenbHas mMenioeMKocms u Kodgguyuenm mennoomoavu ks napaguna 6
HCUOKOM Cp,| U MBepOOM Cps COCMOSHUAX. Y CMAHOBIeHo, Ymo yOelbHAs Men10emMKOCb 8 npoyecce
3ameepoesanus (npoyecca (hazo8020 nepexooa) azonepexooHvbix Mamepuaios y8eaudusaemcs 00
60 x []c/(ke*x). [lokazano, umo memnepamypa 6 camoul 8blCOKOU MouKe YOeIbHOl MenioemMKoCmu
AGNACMCS. MeMnepamypotl niasieHus u sameepoesanusi amoz2o mamepuana. C yenvio obecneuenus
HenpepuvleHOU pabomul CONHEYHLIX YCMPOUCME OblLIU U3YUEeHbl MenlomexHuyecKue napamempuol
napagura Kaxk menioaKKymMyaupyoue2o Mmamepuad.

Kniouesvie cnosa: mamepuan ¢azosoeo nepexooa, ko3gguyuenm menionepedayu, YUCIO
Cmecpana, uucno buo, memoo T- history, yoervnas mennoemxocme.
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Abstract. It is known that the demand for energy in the world is increasing, traditional fuel
resources are not evenly distributed on the globe, and the negative impact of carbon dioxide gases
on the environment is high when using them. Today, determining the relative heat capacity of
substances that increase the possibilities of using solar energy and accumulate the obtained energy,
as well as the use of phase change materials for solar devices is an effective way to prevent energy
shortages.

In this article, the specific heat capacity and heat transfer coefficient of paraffin, which is one
of the phase change materials, in liquid and solid state, is determined by the results obtained during
experiments in laboratory conditions, as well as theoretical calculations.

In this article, as a result of experimental research conducted by the authors in laboratory
conditions, the thermal properties of phase change material (PCM) were determined using the T-
history method. In this case, methods of experimental research of heat capacities of substances,
determination and calculation of heat-technical parameters were used.

Based on the results obtained by the authors from the experiment, the relative heat capacity of
paraffin in liquid (cp,) and solid (cps) state, heat of synthesis (Hm) and heat transfer coefficient (ks)
were determined. According to the calculations, specific heat capacity of paraffin in liquid state
Cp,1=3545 J/(kg-K), specific heat capacity during solidification cps=5288 J/(kg'K), fusion heat Hn=
256 103 J/kg and the coefficient of thermal conductivity was found to be equal to ks=0.168 W/(m'K).

The specific heat capacity and heat transfer coefficient ks of paraffin in liquid cp and solid cps
states were determined. It was determined that during the solidification process (phase change
process) of PCMs, the specific heat capacity increases up to 60 kJ/(kg'K). It is shown that the
temperature at the highest point of relative heat capacity is the melting and solidification temperature
for this material. In order to ensure the continuous operation of solar devices, the thermal technical
parameters of paraffin as a heat collecting material were studied.

Key words: phase change material (PCM), heat transfer coefficient, Stefan number, Biot
number, T-history method, specific heat capacity.

Kirish

Jahonda turar joy binolariga sarflangan energiya migdori umumiy energiyaga nisbati so‘nggi
3yilda ortib boryapti. Xususan 2021-yilda bu ko‘rsatgich 21,5% ni tashkil etadi. O‘zbekistonda turar-
joy binolarida sarflangan energiya umumiy energiyaning qgariyib 40% ini tashkil giladi [1]. Turar joy
binolarini isitish va sovutish uchun energiya sarfini kamaytirish maqgsadida gayta tiklanadigan
energiya manbalaridan foydalanish va olingan energiyani akkumulyatsiya gilish katta ahamiyat kasb
etadi [2]. Qayta tiklanadigan energiya manbalaridan olingan issiglik energiyasini to‘plash va saglash
bu tizimning eng katta muammolaridan biri hisoblanadi [3]. Buning uchun energiyani o‘zida saglab
turadigan moddalarni izlab topish zarur. Moddalarning solishtirma issiglik sig‘imini aniglash va
FO‘M larini go‘llash masalaning yechimlaridan biridir. FO‘M larning issiqlik sig‘imini aniglashning
bir necha usullari mavjud. DTA (Differential thermal analysis) va DSC (Differential scanning
calorimeters) o‘Ichash qurilmalari murakkab va gimmat. Shu bilan birga bu qurilmalarda bir vagtning
o‘zida bir nechta namunaning tahlilini olib bolmaydi. Shuning uchun oddiy T-history usulidan
foydalanish magsadga muvofiq [4].

Mazkur tadqiqot ishida asosiy magsad T-history uslidan foydalanib, ya’'ni solishtirma issiqlik
sigimi aniq bo‘lgan suyugqlik bilan taqgoslash orqgali fazaviy o‘tuvchi materialning solishtirma issiglik
sig‘imi va issiglik o‘tkazuvchanligini aniglashdir.
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Ikkita bir xil To haroratdagi (To<Tm Tm-erish va qotish harorati) fazaviy o‘tuvchi va solishtirma
issiglik sig‘imi ma’lum bo‘lgan moddalarning haroratini pasaytirib borish orgali FO‘M ning suyuq
va qattiq holatdagi solishtirma issiglik sig‘imini aniglash mumkin. Bunday usullardan biri bu — T-
history usuli hisoblanadi.

Erish haroratidan kichik Ta<Tm2 haroratdagi havoda yoki suyuqglik ichida joylashgan FO‘M va
suv haroratlari asta-sekin pasaytirib boriladi. FO‘M to‘la qotib bo‘lgangacha haroratning vagtga
bogligligi 1-rasmda ko‘rsatilgan holda amalga oshiriladi. Fazaviy o‘tuvchi materiallarni isitish
qurilmalarida issiglik akkumlatsiyalovchi vazifasida ishlatish mumkin [5].

(a) (b)
1- rasm. Sovutish jarayonida moddalar haroratining vaqtga bog¢ligligi: (a)- FO‘M, (b)-suv
(juda tez sovutilganda).

Usul va materiallar

FO*‘M uchun moddaning harorat tagsimoti 1(a)-rasmdagi kabi bo‘ladi. Agar Bi<0,1 (Bi-biot
soni, Bi=hR/(2k), R- quvur radiusi, h- konvektiv issiglik berish koeffitsiyenti, k- quvur materialining
issiglik uzatish koeffitsiyenti) bo‘lsa, quvurda harorat tagsimoti bir xil deb hisoblanadi. U holda,
issiglik balansini quyidagicha yozish mumkin:

(mtcp,t + mpcp,l)(TO - Ts) = hA:Aq, (l)
bunda, m, va m,- mos ravishda probirka va FO‘M ning massalari; c, .va c, ;-mos ravishda probirka
va FO‘M ning solishtirma issiglik sig‘imlari; Tyva T; FO‘M ning boshlang‘ich va qotish haroratlari;
h-havoning konvektiv issiglik berish koeffitsiyenti; A.-probirkaning issiglik almashinish yuzasi

Ay = [T —Todt
myHy, = hAA; (2)

bunda, H,,- FO‘M ning sintez issigligi;
t2

AZ = (Tm - Ta)dt
t1
(mlcp,l + mpcp,s)(Ts —T,) = hA As, (3)
bunda, ¢, ;- FO*M ning qattiq holatdagi solishtirma issiqglik sig‘imi; T..- tajriba oxiridagi harorat;
i3
Az = (T, — Tg)dt

t2
Distillangan suvda haroratning vaqtga bog‘ligligi 1(b)-rasmdagi kabi bo‘ladi. U holda issiglik
balansi

(mtcp,t + mwcp,w)(TO - Ts) = hAcA, ) (4)
bunda, m,va cp,, mos ravishda suvning massasi va solishtirma issiglik sig‘imi,
! t1
Al = ftol(TO - Ta)dt
(mtcp,t + mwcp,w)(Ts —T,) = hA A,. (5)
Hagigatdan ham tuz oksidlarining barchasida Bi<0,1 va ks>0,2 W/(m?K), demak (4) tenglama

ganoatlantiradi.
(1) - (5) tenglamalardan quyidagilarni aniglash mumkin
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mec 't+mwc W A3 me
s = P ©
14 2 P
mec ‘t+mWC W Al me
=T T )
14 1 14
_ MyCpttMmyCpw A
Hy = “seon L2 1) ®)

my Al
Moddalar juda tez sovutilmagan holatda, tajriba natijalari 2-rasmdagi ko‘rinishni beradi. U
holda FO*M ning sintez issigligi quyidagicha aniglanadi

_ MyCp+MyCpw A, meCp t(Tm1—Tm2)
Hyy = ZCotuton 22 (7, gy ot o) ©)
mp 1 Mp

2-rasm. Juda tez sovutilmaganda FO‘M haroratining vaqtga bog¢lanishi.

FO‘M ning suyuq va qattig holatdagi issiqlik o‘tkazuvchanlik koeffitsiyenti quyidagicha
aniglanadi. FO‘M ning issiglik o‘tkazuvchanlik koeffitsiyentini aniglash uchun ikkita bir xil
probirkaga bir xil hajmda suv va FO‘M solinib, sovuq suvli vannaga solinadi. Har ikkala bir xil To
haroratdagi (To<Tm, FO‘M ning Tm-erish va qotish harorati) faza o‘tuvchi va solishtirma issiglik
sig'imi ma’lum bo‘lgan moddalarning haroratini pasaytirib borish orgali FO‘M ning issiglik
o‘tkazuvchanlik koeffitsiyenti aniglanadi [9].

3-rasm. Probirkaning vertilkal va ko‘ndalang holatdagi ko‘rinishi.

Agar probirka uzunligining diametriga nisbati 15 dan katta bo‘lsa, 3-rasmdagi silindr uchun
energiya tenglamasi

19 (r 6T(r,t)) _ 101D (E<r<R, t>0). (10)

ror or ap Or
Chegaraviy shartlarni quyidagicha berilsin

keot = hy(T, —T) =R, >0

va dastlabki holatda
TE=R)=T, =0,
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bunda, T(r,t) — r radiusli va t fazadagi harorat, op- FO*M ning harorat tarqalishi, & - FO*M ning gattiq
va suyuq fazalar orasidagi interfeys radiusi va hw - sovuq suvning konvektiv issiglik almashinish
koeffitsiyenti.

FO*‘M ning ikki bosgich o‘rtasidagi interfeys uchun

T(r=§) Tm
or_ %

Yugoridagi tenglamalarni yechimiga asosan quyldaglcha Ks ni aniglashimiz mumkin [6, 7].
[1 ypsTm=Ta) S(Tm—Ta)

tf(Tm Ta) 1 ! (11)
¢ ppR?Hm hmR)
bu yerda, ks- gattig holatdagi FO*M ning issiglik o‘tkazuvchanlik koeffitsiyenti, pp- FO‘M ning
zichligi, tr - FO‘M ningto‘liq qotib golish vagqti.
(11) ifodadagi hiRjuda ham kichik bo‘lganligi tufayli hisobga olmasa ham bo‘ladi [8].

(11) ifodaga kengayishning ikkinchi tartibli hadini e’tiborga olmaslik natijasida hosil
bo‘ladigan xatolik Bi>0.1, 0<Ste<0.5 bo‘lganda 5% dan oshmaydi (Ste-Stefan soni quyidagiga teng

Ste = Cp, S(Tm Ta)) [8]

Xuddl shunday usul yordamida suyuq holatdagi issiqlik o‘tkazuvchanligi ki ni hisoblab topish
mumkin.

Qurilmaning tasnifi. Qurilma bir xil 2 ta probirka, yog‘och taglik, DS18B20 harorat sensori,
sensor ulash simlari, arduino platasi, USB kabel, kompyuter, 0,019 aniglikdagi tarozi, shtangensirkul,
lineykalardan iborat.

Probirkalarni vertikal holatda ushlash magsadida yog‘ochdan taglik yasaladi. Qurilmaning
prinsipial sxemasi 4-rasmda ko‘rsatilgan. Qurilmada haroratlarni aniglash magsadida, ARDUINO
UNO platasiga DS 18B20 harorat sensorlari ulanadi va har 0,5 minut davomada barcha nuqtalaridagi
haroratlar o‘lchanadi. Agar qotish vaqti juda kichik bo‘lsa, bu vaqt intervali yanada kamaytiriladi.

4-rasm. Qurilmaning printsipial sxemasi:
1) probirka, 2) probirka gopgog‘i, 3) Ds 18B20 harorat sensori, 4) yog‘och taglik, 5) sensor ulash
simlari, 6) arduino platasi, 7) USB kabel, 8) kompyuter.

Ishni bajarish tartibi. Ikkita bir xildagi probirka olib, massalari mg va my, ichki ry,r2 va tashqi
R1,R2 radiuslari, uzunliklari I1va I2 lar o‘Ichanadi. Probirkalarga bir xil hajmda suv va suyuq holdagi
FO‘M namuna solinadi va massalari my (Suv massasi) va mp (FO‘M massasi) o‘lchab olinadi.
Namunalar ichida bir xil balandlikda va probirkalar markaziga termometr joylashtiriladi, FO*M qgattiq
fazani egallaydi. Probirkalar qopqog*i kiritilib, suv to‘ldirilgan vannaga joylashtiriladi va suv elektr
plitka yordamida FO‘M eriguncha qizdiriladi. lkkala modda haroratini bir xil holga keltirib,
probirkalar taglikka bir-birining issiqligi ta’sir etmaydigan holda joylashtiriladi (FO‘M ning
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haroratini bir oz yuqorirog olish tavsiya etiladi). FO‘M to‘lig qotib golgunga gadar moddalarning
harorati o‘lchab boriladi. Olingan haroratlarning vaqtga bog‘liq grafigi (1 va 2-rasmga o‘xshash)
olinadi. Grafikdan nugtalarning haroratlari aniglanib, (6), (7) va (9) ifodalar yordamida moddaning
gattig, suyuq holatdagi solishtirma issiglik sigimlari va sintez issigligi aniglanadi (haroratlarni
aniglashda, hosil bolgan egrilanishlarga urinma o‘tkazilib, shundagi harorat va vaqtlar olinadi).
(11) ifoda yordamida FO*M ning qattiq fazadagi issiglik o‘tkazuvchanligi hisoblab topiladi [10].

Tajriba natijalari va tahlili

Ishning bajarilish tartibiga asosan quyidagi rasmlarga ko‘rsatilgan holatlarda o‘lchashlar
amalga oshirilgan.

a) b) ©)

5-rasm. Tajriba o‘tkazish jarayonida materiallarni o‘lchanish namunalari.

Elektr isitgichiga qoyib taxminan 80 °C gacha isitildi.

a) b)
6-rasm. Materiallarning elektr isitgichga isitish jarayoni.

So‘ngra yog‘och taglikka joylashtirib xona haroratigacha sovutildi.
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7-rasm. Fazaviy o‘tish vagtida haroratlarni o‘lchash jarayoni.
Haroratlarning vaqtga bog‘liglik grafigi hamda egriliklardagi haroratlar aniglab olindi.
75 -

70 4
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60 —a—1
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8-rasm. Tajriba davomida haroratning o‘zgarishi grafigi: 1- suv harorati; 2- fazaviy
o‘tuvchi material (parafin) harorati; 3- xona harorati.
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9-rasm. Fazaviy o‘tuvchi material (parafin) solishtirma issiglik sig‘imining haroratga

bog¢liglik grafigi.
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Xulosa

Fazaviy o‘tuvchi materiallardan biri bo‘lgan parafinning suyuq cp, va gattiq cps holatdagi

solishtirma issiglik sig‘imi va issiqlik o‘tkazuzchanlik koeffitsiyenti ks aniglangan. Fazaviy
o‘tuvchi materiallarning qotish jarayoni (faza o‘zgarish jarayoni)da solishtirma issiglik sig‘imi
60 k J/(kg-K)gacha ortib borishi, suyuq holatdagi solishtirma issiglik sig‘imi ¢, =3545 J/(kg'K),
gotish jarayonida solishtirma issiglik sig‘imi cps=5288 J/(kgK), sintez issiqligi Hn=256 10° J/kg
va issiglik o‘tkazuzchanlik koeffitsiyenti ks=0.168 W/(m‘K) ga teng bo‘lishi aniglangan.

Solishtirma issiglik sig‘imining eng yuqori nuqtasidagi harorat shu material uchun erish va

gotish harorati ekani ko‘rsatilgan. Quyosh qurilmarini uzluksiz rejimda ishlashini taminlash
magsadida issiglik yig‘uvchi materal sifatida parafinning issiqlik-texnik parametrlari o‘rganilgan.
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