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AHomauyia. PozznsHymo enobanbHy npobaemy degiyumy nu-
mHOI 800U Ma NPOAHANI308aHO OCHOBHI 8a1GCMUBOCMI iCHYtO-
Yyux mexHosnoeili onpicHeHHA ma ducmuaaayii eoou Ha 6a3i ana-
pamis  «380/0HEHHA — OCyweHHA». Po3pobaeHo ma
sunpobyeaHo iHHOBAYiliHy eKcriepuMeHmManbHy YCMAaHOBKY
0718 OMPUMAHHA OUCMUALOBAHOI 800U, W0 6A3yeEMbCA HA UYu-
Kni MalicoueHka (M-UyuKsa), 3 nepexpecHOmMOKOB0 CXEMOIO.
OnucaHo KOHCMpPYKYito 00HOKACKAdHo20 npomomuny, npeo-
cmassneHo pe3yasmamu loz2o sunpobysaHs ma eHepzemuyHi
MOKA3HUKU. EKcriepumeHmasnsHo niomeepoxeHo MoXAU8ICMb
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OMpUMAaHHA KoHOeHcamy 800u 3 eHepzosumpamamu 11,9 kBm-200/m?3. PozanaHymo nepcrnekmusu yooCKo-
HaseHHA anapamy npu 8UKOPUCMAaHHi 6a2amoKackadHuUX cxem OUCmMuAAyii.
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Bctyn

InobanbHa BoAHa KPU3a € OAHIELD 3 KAtOYOBUX Npobaem cy-
YacCHOCTI, MOAO0NAHHA AKOI OUJHIOETLCA Y TPUABUOHU A0-
napis. 3rigHo 3i 3B8iTom CsiToBoro 6aHKy «High and Dry»,
nediyMT BoaN MoXKe npusBecTn 4o 3HMKeHHA BB okpe-
MUX perioHiB Ha 6 % ao 2050 poky [1], wWo matume KaTa-

CTpodiuHi eKoHoMiyHi Hacnigku. LLopiyHi eKoHOMIYHI
BTPaTM u4epe3 BIACYTHICTb AOCTyny [AO 4WUCTOi BOAM
(caniTapina, 380pOB’A, NPOAYKTUBHICTb)  CTAHOBAATb

61m13bKo 260 mnpa gon. CLUA [2]. Tomy Ha Lel Yac 3HaYHi
3YCUINA HAYKOBL,iB, iHXXEHEpIB | TEXHO/I0TIB CNPAMOBAHI Ha
OOCNIAMKEHHA 1 po3p0o6KY HOBUX TEXHOJONN AMCTUAALIT Ta
ONpiCHEHHA BOAM, NPUYOMY LA aKTUBHICTb 3 KOXHUM pO-
KOM 3pOCTa€. PUHOK MPOMMCAOBOI OYUCTKM BOAM AOCATAE
140 mnppg, gon. [3], @ cermeHT TeXHOOri ONpPICHEHHS, 3a
nporHosamu, carde 50 mapg gon. po 2032 poky [4], wo
CBiAYMTb MPO 3HAYHWI MNOTeHUian AnA iHHoBaUiM y Uil
coepi.

3apa3 41A BUPOBHULTBA ANCTUIbOBAHOI BOAM 3aCTOCOBY-
IOTbCA [lBa OCHOBHUX METOAN —MeMBpaHHi Ta TEPMIiYHi Tex-
Honorii. Cepes MeMOBpaHHUX TEXHONOr Haunowwm-
peHilMmM € 3BOPOTHUI ocmoc [5, 6] Ta enektpogianis [7],
a cepep, TEPMIYHUX MOXKHA BUMAIAUTM BaraTocTyneHesy i Na-
POKOMMpPECiIHY AUCTUAALIO, A TaKoX baratocTyneHesy
dnew-auctunsuito [8]. MembpaHHI TexHoOriT XapakTepu-
3y10TbCA [ELO MEHLWMMU KaniTaibHUMW BUTPaTaMu 1 Ha
NopAAOK MEHLWMM EHeprocnoXmBaHHAM MOPIBHAHO 3
TEPMIYHUMM TexHosoriAMK, ane BOHM 3abesnevyoTb
3HaAYHO Tripwy AKiCTb BOAW. Hegonikamu TepmivyHMX

TEXHONOrIN € rPOMI3AKICTb Ta YTBOPEHHA HaKMNy. Bukopu-
CTOBYETbCA TAKOX TEXHO/IOMA MEXaHIYHOro CTUCHEHHA
napu, BOHa 3abe3neyye BUCOKY AKICTb BOAW, afe BUMArae
CK/IalHOTO KOMMPECOPHOro YCTaTKyYBaHHA Ta Ma€ BuLe
CnoXXunBaHHA enektpoeHeprii [8]. MoOpPiBHAHHA OCHOBHMUX
MEeTOAiB ONpiCHEHHA Ta AMCTUMAALII BOAM HaBeAeHO B
Tabn. 1.

MokasHuKK B TabA. 1 BigobparkatoTb iMLe 30BHilHI (eK30-
reHHi) BUTpaTM eHeprii, HeobxigHi ANA PYHKUiOHYBaHHA
KOYHOT KOHKPEeTHOT cuctemu. a5 TpaguuinHUX TePMiYHUX
METOAIB BKAa3aHO BUTPATM TEMIOBOI eHeprii A4NA KUMNiHHA
BiZ, 30BHILIHbOro Axepena, ToA4i AK y TexHonoriax tuny MVC
ab0 «3BO/IOKEHHA — OCYLUEHHA» eHepria gaa BMNApo-
BYBaHHA reHepyeTbCA BCEPEeAMHI LUUKAY 33 PaxyHOK me-
XaHiYHOi poboTM abo peKynepauii. Take NOPIBHAHHA OA€E
3MOTYy OL{HUTK YMCTE CMOXMBAHHA pecypciB, AKi MocTaya-
FOTbCA A,0 YCTaHOBKM 330BHi.

Cnig, Bia3HaunTH, WO meMbpaHHi TexHoNorii MatoTb Tex-
HiYHi 0BMeXKeHHs, NoB’A3aHi 3 NiABULLEHHAM KOHLEHTpauil
coneit — cTpimKe NiABULLEHHA OCMOTUYHOIO TUCKY Ta PU3MK
He3BOPOTHOrO 3abpyAHEHHs BMCOKOBAPTICHUX MembpaH.
Ui obmexeHHA nepewKogKaloTb [MOOKOMY  KOH-
LEHTPYBaHHIO PO34YMHiB 6e3 BTpaTM eHeproepeKTUBHOCTI
Ta pecypcy obnagHaHHA. ToMy yTUAi3aLis po3cony po3rns-
[AETbCA AK KPUTUYHKUI Hegonik TexHonorii RO. LLogo HU3b-
KOro BiACOTKY BigHOBNEHHA B cucTemax MSF (10-25 %):
NPUYMHOLO LbOro € BENMKA KiNbKICTb BigNpauboBaHOI BOAMW,
L0 CKUAAETHCA A1 OXOJIOAMKEHHA CUCTEMM Ta BUAANEHHA
conen, Toai AK iHWI cuctemn p[atoTb 3mory ravbuwe
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KOHLIEHTPYBATU BUXiAHUIA PO3uMH 6e3 pU3NKYy MUTTEBOrO
BmMxody obnagHaHHA 3 nagy. Tak, ANA 3BOPOTHOro OCMOCY

Len NoKasHUK cTaHOBUTb 35-50 %, a AnA enekTpogianisy
BiH B3arani carae 80-90 %.

Ta6nuus 1. NopiBHAHHA MeToAiB ANCTUAALIT BOAMU

Mutome eHepro-cno- .
KMBaHHA, Ekcnn. fAkictb
TexHonoria KBr-roa/m BUTpaTH, ('?I.%%‘; MNepesaru Heponiku
Enektpo- | Tennosa Aon./m ppm'
eHepria eHeprif
3pina TexHonoris; Bucokuit TUCK; gopori
3BOPOTHMIA OCMOC _ _ _ KOMMaKTHICTb; WK- MembpaHK; YyTInBICTb
(RO) 4-8 0,5-1,0 <500 pOKe NoLwnpeHHsA 0o xnopy; npobnema
yTunisau,ii poscony
Bucokuit Buxig Boan; | HeepektuBHuit ans
EfleKToOMIaNIS [OBroBiYHI mem- MOPCbKOI BOAU
(ED) poa 2,8-5,5 - 0,4-0,7 <500 6paHu; HU3bKKIA TUCK | (TDS > 3000 ppm);
He BUOANAE OPraHiky Ta
6akTepil
MexaHiuHa KoM- KomnakTHicTb; aBTo- | CKnagHi Komnpecopwu;
; _ _ - HOMHICTb (TiNIbKM wyMm; BibpaLif; BUCOKI
?“F;Ii\el%;' napu /=12 0,6-10 <10 e/IeKTPUKa); BUCOKA eKcnayaTaLlinHi Bu-
4yncToTa BoaU TpaTK
EdektnsHa pekyne- MoTpebye Axkepena
TepmiyHa Kom- 16-18 145 0.7-1.0 <10 pauia napu; Hemae napu BUCOKOrO TUCKY;
npecis napu (TVC) e ! N PYXOMMX YaCTUH HU3bKMI CTYNiHb
(exkekTop) BiAHOB/NEHHA BOAM
Bucokuit koediuieHT | BMCOKi KaniTanbHi BUT-
Tennonepepaadi; paTu; CKNagHicTb mac-
EarciL%c;y&e(ﬁEaD 2-2,5 12-19 0,8-1,2 <10 MEHLLe HaKuny WTabyBaHHA OANHWY-
A 4 (Hukya poboua Tem- | Horo 610Ky
nepartypa)
HagiliHicTb; BenunKa Koposisa; rpomisgkicTb;
BaraTocTtyneHeBa ’ ’ ot ’
dnew-guctmnauia 2,5-5 16-24 1,0-1,5 <500 OP‘MH_MqHa noty- AYKE HUSBKIN BIACO-
(MSF) HiCTb; BUKOPUCTAHHA | TOK BiAHOB/AEHHA BOAM
CKMAHOro Tenna

OTKe, iCHY€e HaranbHa noTpeba B po3pobLi KOHKYPEHTHOTO,
[eLleBoro 1a eHeproedpeKkTMBHOIO MeToay BUPOOHMLUTBA
OUCTUNbLOBAHOI BogM. OCHOBHUM HanpAMOM A0CNIOXKEHDb €
NOLWYK KOMMPOMICY MiX MUTOMUM E€HEProCNOXKUBAHHAM,
TEXHONOIYHICTIO KOHCTPYKLIi Ta AKICTIO OTPUMAHOro npo-
AyKTy. Cepep, TaKMX METOAIB MOXHA BiA3HAYUTU iHHO-
BaLiiHi po3pobKM, Wwo 6a3yoTbCA Ha NPUHLMMI «3BOJIO-
EHHA — OCYLIEHHAY». IX MOMHa BigHECTU A0 TepMIUHMUX
METOAiB, ane BOHM BIiAPI3HAOTLCA TUM, WO BOAA He
HarpiBa€eTbCA A0 KUMIHHA i 3aBAAKU LbOMY 3HAYHO CMNpo-
LLLYIOTbCA BUMOTM 0 TEXHONOFYHOrO YCTaTKyBaHHA. 3acTo-
COBYETbCA MPSAIME BUMAPHE «3BOJIOMEHHA — OCYLUEHHAY,
HenpAMe BWMapHe «3BOJIOMKEHHA — OCYLIEHHA», Ta BW-
MapHe «3BONOMKEHHA — OCYLUEHHA» 3a UukAom Maiico-
LeHKa. MNopiBHANBbHE JOCNIAKEHHA UMX MeTOAiB HaBeaeHO
8 poborTi [8].

LUukn MaicoueHKa i oro 3actocyBaHHA ana guctunauii
BOAM

Cepes, MeTOAiB «3BOJIOMKEHHA — OCYLUEHHA» 0COBAMBO
BApPTO BifA3HAYMTU AUCTUAALUO 3@ UMKIOM MalcoueHKa.
Liev npoLec BUKOPMCTOBYE NOTEHLLiaN OTOYYHOYOro cepeso-
BULLA, BiH MOEAHYE BiAHOCHO HU3bKE €HEepProcnoXuBaHHA
Ta HM3bKIi KaniTanbHi 1 ekcnayaTtauinHi BUTpaTH. Ha BigamiHy

Bif, TPaAMUiMHUX MeToAiB, OBMENKEHMX TemnepaTypoto
MOKporo TepmomeTpa (t,.), M-cycle nae 3mory oxonog-
yBaTh poboue TiNo A0 TemnepaTypm TOUKN pocK (trp), Wo
3HAYHO PO3LIMPIOE NOTEHLja/N NPOLECY 3BOJIOXKEHHA Ta
KOHAeHcaLii Bosioru [8].

Mepwi anapaTu, AKi NpauloTb 3a UMKAOM MancoueHka,
6ynM NpusHauveHi Ana oxonoayKeHHa nosiTpa [9], i Anwe
3rogom 6ynn 3aNponoHOBaHi TEXHIYHI pilLeHHs Ana AUCTU-
nauii Bogu [10]. NpuHuMNoBa cxema Ta giarpama npouecy
OX0JI0AKEeHHA 32 M-LMKNOM NoKasaHi Ha puc. 1. MNosiTpA B
CYXOMY KaHani BHAcNifoK Ten1006MiHy 3 cycigHiM Bonornm
KaHa/loM OXO/IOAKYETbCA A0 TemnepaTypu, 6am3bKoi Ao
TEeMMepaTypu TOYKM pocu (Npouec 1-2), a oxonoaKeHe no-
BITPA CNPAMOBYETLCA Y BONOTUIA KaHa, e PYXaeTbCA Npo-
TUTEYieto abo nepexpecHo A0 NOTOKY B CyXOomy KaHani. Bu-
MapoBYOYMCb 3 MOBEPXHi BOJMIOrOro KaHany, ue nosiTpA
aACMMINIOE TENNOTY (ABHY Ta NPUXOBaHY), WO BiABOAMUTLCA
Big, cyxoro KaHany (npouec 3—-4). MNpuHuMnoBa cxema Ta
Aiarpama O4HOKACKAZAHOro npouecy AMCTUAALiT NOoKasaHi
Ha puc. 2. AnapaT CKNaJa€eTbCA 3 TPbOX KaHaiB: Cyxoro Ka-
Hany, KaHany 3BOJIOXKEHHSA (BMNapoBYBaHHA) i KaHany ocy-
WweHHA (KoHaeHcauii). MoBiTpA HaaxoAMTb Y TOYKY 1, Npo-
XOAUTb Yepe3 CYXU KaHaj, HagxoauTb Yy KaHan
3BOJIOXKEHHA B TOYKY 2, BCTYMAE B KOHTAKT 3 BOAOK Ha
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CTiHLi BO/IOroro KaHasy Ta 3BONI0XKYE NOBITPA B ToYL,i 3 Teo-
petnyHo o 100 %. dani Bonore NoBiTpA HaAXOAUTb B Ka-
HaN OCyLWeHHsA, Ae BOAAHA Napa KOHAEHCYETbCA 32 PaxXyHOK
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OXONOAMEHHS, a ANCTUIbOBaHA BoAa 36MpaEeTbcA Ha AHi
KaHany. BignpauboBaHe nosiTpa BUXOAUTb y Touui 4, a
BiANpaLboBaHa BOAA 3/IMBAETLCA BHM3Y BOJIOTOro KaHany.

|

TemnepaTtypa Cyxoro rfepmomeTpa

Puc. 1. lpuHyunosa cxema 00HO20 3 8apiaHmMie meraomMmacoobmiHHO20 anapama 3a yukaom MalicoueHka
0719 0X0/100MCeHHA 108IMPA Ma ricuxpomempuyHa diazpama npouyecy

Boga Ha
OUCTUNALIO
KaHan Cyxui
OCYLUEeHH KaHan
\
4«_ KaHnan
3BOJIOXKEHHA
Anctunar

BignpayboBaHa
BOAA

BONIOFOBMICT, I/Kr

Temneparypa Cyxoro TepmomeTpa

Puc. 2. MpuHyunosa cxema 0OHOKACKAOHO20 mernsoMacoobmiHHO20 anapama 3a yukaom MalicoyeHka 018 oucmunayii
800U ma rncuxpomempu4Ha diazpama npouecy

Ha uelt yac po3pobneHi pi3Hi BapiaHTK anapaTiB AUCTU-
NALii Ta onpicHEeHHs BoAM 3a UMKAom MalicoueHka. Buko-
HaHe B poboTi [11] TepmoanHamiUHE MOAENOBAHHA TPbOX
METO/IB «3BOJIOXKEHHA — OCYLIEHHA» MOKa3ano, Wo Ha
BiAMiHY Big LMKNIB NPAMOro i HENPAMOTO 3BO/IOXKEHHA —
OCYLEHHA UMK MailcoLeHKa Ma€e noTeHLian aAna aocar-
HEHHA TemnepaTypu TOYKM POCK MOBITPA, WO NOAAETLCA,
OAHaK HabNMMKEHHSA 4,0 TOYKM POCU Ha NPAKTULI € Npobne-
MaTUYHUM i noTpebye 3HAYHOT [OBKMHM KaHaniB. 3rigHo 3
pe3ynbTaaMuB A0CAIAXKEHHA OMNPiCHIOBasIbHAa YCTaHOBKA
3a uMknom MakcoueHKa € HaliMeHLW eHEeproeEMHON 3
TPbOX PO3rNAHYTUX cxeM. Y poboTi [12] BUKOHAHO Tepmo-
OWHAMIYHWUIM aHanNi3 cXeMK OnpicCHEHHA Ha OCHOBI «3BO/O-
YKEHHA — OCYLUEHHA» 3 BUKOPUCTAHHAM M-UMKny Ta co-
HAYHOro BopgoHarpiBavya. CdopmMynboBaHi  OCHOBHi
dakTopK, AKi BNAMBAOTL Ha MNPOAYKTUBHICTb CUCTEMMU

ONpPIiCHEHHA Ta CNOXMBaHHA eHeprii. [lOKa3aHo, Wo nocu-
JNIEHHA BWUXiQHOI NOTYXKHOCTI Ta NWTOME CMOMXWBAHHA
eHeprii MOKa3ylTb MNPOTMAEXHY TeHAEHUilo AnA BCiX
PO3rAsHYTUX BUNaAKiB. Y poboTi [13] BUKOHAHO maTema-
TUYHE MOLENOBAHHA O PMAHOT YCTAHOBKN OXON04KEHHA
UTNOBOro 6yAMHKY Ta ONpiCHEHHA HA OCHOBI LMKAY Mait-
coueHKa 3 ¢oToenekTpuuHumn / TepmanbHUMK CO-
HAYHMMMU KOJIEKTOPaMM.

Y pob6ori [14] 3anponoHoBaHa Ta MaTeMaTUYHO 3MOAENbO-
BaHa OMNPiCHIOBa/IbHA YCTAHOBKA «3BONOXEHHA — OCy-
LIEHHA», O NPALIOE BiZ, COHAYHOI eHeprii Ta BUKOPUCTOBYE
3BO/IOXKYBaAY  MOBITPA 33  UMKAOM  MaicoueHKa.
MopiBHANbHE AOCAIAMEHHA MOKa3ano, Wo 3anponoHoBaHa
cxema 3abesneydye Ha 30 % BuULLY NPOAYKTUBHICTb NPiCHOI
BOAW, Ha 46 % 6inblimnii KoedilieHT BiAHOBNEHHS Ta Ha
11 % 6inblumnii KoedilieHT NOCMNEHHA BUXIAHOT NOTYKHOCTI
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NOpPiBHAHO 3 CMUCTEMOIO OMPICHEHHA HA OCHOBI 3BO-
NIoXKyBaya npsamoi cxemu. Y poboTi [15] posrasHyTa cxema
HEeNPAMOro BUMNapOBYBAHHA /1A BiAHOB/NEHHA Ta NOBTOP-
HOr0 BUKOPWUCTAHHA CTIYHUX BOA, Ha OCHOBI M-uukny. Po-
3pobsieHa Ta NPOTeCTOBaHa yCTaHOBKa AUCTUAALIT BOAM, B
AKIN 610K ANCTUNALIT BOAM CKNAAAETLCA 3 TPbOX CYMiIKHUX
KaHanis: Cyxoro, BUNapHOro Ta KoHAeHcauilHoro. lNone-
peaHi eKcnepuMeHTU Ha AUCTUAAUIMHIN yCTaHOBUi Aanu
3MOry OLHUTM HOBY KOHUEMLiO HEenpamoro BMMapo-
BYBAHHA A4 BiflHOBNAEHHA CTIYHWUX BOA. EKcnepumeHTH no-
Kasa/in HeobXigHiCTb nonepeaHbOro HarpiBaHHA CTiYHOI
Boan po 60 °C ana 36inbleHHA NOTOKY BOASAHOIO KOHAEH-
caTy. ¥ poborti [16] npeacTtaBaeHa NiNOTHA ycTaHOBKa ANA
ofHoYacHoro BMpob/eHHA xonogy 3a gonomorow M-
LMKNY Ta ONPICHEHHA MOPCBLKOT BOAM.

3rigHo 3 gocniaxeHHamn Pandelidis et al. [8], kKntoyosoto
nepesaroto Npouecy ANCTUAALLT 33 LMKnom MalcoLeHKa €
Te, WO NpUXoBaHa Tena0Ta KOHAEHCAL,i, AKA BULINAETLCA Y
CyXOMY KaHani, He BTPAYa€TbCs, @ BMKOPUCTOBYETbCA AK
L)Kepeno eHeprii 41A BUNapoBYBaHHA BOAW Y BOJIOTOMY Ka-
Hani. Lle 3abe3neyvye BUCOKY TepmiyHy edeKTuBHicTb (COP)
npouecy. 3pob6aeHO BUCHOBOK, L0, TepMOAMHAMIYHA
edeKTUBHICTb npouecy AUCTUAALIT B Takux cuctemax ba-
3YETbCA Ha YHiKaNbHIl pekynepauii TenaoTtu. MNpouec Biaby-
BAETbCA B PEKYNnepaTMBHOMY TEMnJIOMacOOBMiIHHMKY 3i
CKNagHOK reOMeTpieELd NOTOKIB.

MerTa po6oTtun

AHanis HaABHWUX pO)Kepen niTepaTypu NOKasaB nepcnek-
TUBHICTb 3acTocyBaHHA M-UMKAy AnAa  AUCTUAAUiT Ta
onpicHeHHA Boau. Lleli meTon mae NMpoOCTy KOHCTPYKLU,LO,
LOCTaTHbO BUCOKY MPOAYKTUBHICTb 3 BiAHOCHO Mananumu
eHeprosaTpaTamy, i MOro Mo¥Ha 3acTocoByBaTu 3 BiHOB-
JIIOBAaHMMK axKepenamu eHeprii. TaKoX BiH 3340BO/IbHAE

BMMOram A0 SIKOCTi OYMCTKM BOAM Bif, AOMIWOK — Binblue
99 % — ue piBEHb HAWMOLWMPEHILLIMX CYYaCHUX METOAIB OUN-
LLeHHA, SK-OT 3BOPOTHWI OCMOC Ta aacopbuiiHe ouu-
WweHHA. MNMpyu LbOoMy 3aCTOCYBAHHA BigHOBHOBAHUX AXKepen
eHeprii y 38°A3Li 3 LMM METOLOM A3€E 3MOTY 334,0BOJIbHUTH
Cy4acHi BUMOTM 40 eKoNorivyHOi 6e3MeKu i CyTTEBO 3HU3UTH
eHepreTUyHi BUTpaTu. Monpu nNepcnekTMBHICTb LbOro me-
TOAY AMCTUNALLT BOAWN, HAABHI pe3ynbTaTh HOCATb 3arajiom
TEOPETUYHUI XapaKTep, HeAOCTaTHbO EKCNEPUMEHTANIbHUX
JocniaxeHb, wWwWobu cTBoptoBaTU edeKTUBHIE YCTaTKy-
BaHHA. Memoto yiei po6omu € CTBOPEHHA Ta TeCTyBaHHA
anapata O4HOKACKAAHOI CXemMn ansa AUMCTUAALIT BOAM, WO
npautoe 3a M—UMKAOM 3 nepexpecHnm TOKOM TeN0HOCIIB
Ta KaninApHO-NOPUCTOID CTPYKTYPOIO Y BONIOTUX KaHaax.

EKcnepumeHTanbHa yCTaHOBKa Ta BUMiploBa/ibHa anapa-
Typa

Ons anpobauii 3anponoHOBaHOI OAHOKAcKaAHOI cxemu
6yno cTBOpeHo Ta BUNPObYBaHO MPOTOTMN YCTAHOBKM,
AKMIA NNAHYETbCA BUKOPUCTOBYBATM B MOAANbLUMX A0-
cnigeHHaAx. KnoyoBoto npob61emMoto KNacuuyHMX BUNapHMX
OXONOAKYBaYiB € HEPIBHOMIpPHE 3MOYYBaHHA NACTUH, LLO
3HUMKYE IHTEHCMBHICTb MacoobMiHy y BOMIOFMX KaHanax.
Ons BupiweHHA uiei npobaemu y 3anpornoHOBAHIA KOH-
CTPYKL,ii 3acTOocOBaHa KanifApHO-NOPUCTa CTPYKTypa AnA
KaninapHoro nigliomy BOAM 3 HUXKHBLOrMO pesepsByapa
BigNOBiAHO 0 CXemu, 3aNpPonoHOBaHoi B poboTi [17]. Lien
MmaTepian 3abesneyye WBNAKNIA Nigliom BoAM Ta Ti BUNapo-
BYBaHHA, PiBHOMIPHILLUMIA PO3MNoAin BOAOMM MO NAOLL Ten-
NOOOMiHY, Ta 3HWMKEHHA aepoAMHaMIYHOrO Onopy BOJIO-
roro KaHany nopiBHAHO 3 TPagMLUinHMMK GOPCYHKOBUMMU
cuctemamu. Cxemy Ta 3arafibHUM BUTNAL YCTaHOBKMU MOKa-
3aHO Ha puc. 3 Ta 4.

TMO Nel TMO No2
Kaninspuuii BunaposyBanus Konpencauis
nigioM po3cony BOJIM 3 PO3CONY JTUCTHIIATY

AtmocdepHe
MOBITpst

[Tignox
3 PO3COJIOM BOAH -

Bucora xanany
3,2 Mm T

3,0 MM

Huctunsar

Vol
[[npuna kanary /

Puc. 3. Cxema 00HOKACKAOHOI ycmaHOBKU 0718 0mpuUMaHHA OUuCmus608aHOI 800U 3a Yukaom MalicouyeHKka

KoHCTpyKUia npoToTUNy BUKOHaHA 33 OAHOKACKaAHO cxe-
MOIO 3 MepexpecHOo Teyi€l, Wo AaN0o 3MOry CnpocTuth
TEXHO/0riI0 BUPOOHMLTBA KOMMOHEHTIB YCTAHOBKM MeTO-
Aom 3D-apyKy Ta 3HU3UTK i BapTiCTb. BOHa YMOBHO CKna-
[AETbCA 3 ABOX TENNOOOMIHHUX anapaTiB: BUNApoByBaHHA
(TMO Ne 1), Ta KoHageHcauii (TMO Ne 2). [loBKunHa KaHanis

L o6ox 610KiB gopisHtoBana 350 mm, eKBiBaNeHTHUN fja-
MeTp KaHaniB d. Ta BiAHOCHa AoBXuHa L/d, cTtaHOoBUAY,
gignosigHo, 3,1 1a 113 mm.

Nig yac BMNpobyBaHb YCTAHOBKW BUMIpIOBAIM BUTPATY Mo-
BITPA, TeMNepaTypy Ta BifAHOCHY BONOTICTb B OCHOBHUX BY3-
Nax poboyoro TPaKTy, a TAaKOXK KiSbKiCTb KOHAEHCATY, Lo
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YTBOPIOBABCA HA BMXOAi 3 KaHaniB. Cxema BMMIipIOBaHb Ta
napameTpu NOTOKY HaBedeHi Ha puc. 5. TemnepaTtypa Ta
BOJIOTICTb MOBITPA BMMIpIOBaNiaCb TEPMOTirpOMeTPOM

TESTO 605i, ButpaTta nositpAa — aHemomeTpom TESTO 417-
2. ButparTa i umcno PetHoNbACA B KaHaNax yCTaHOBKM Npes-
cTaBseHi B Tabn. 2.
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Puc. 4. 3azanbHuli 8u2190 00HOKACKAOHOT yCMAaHOB8KU

34C
)
26 C / T 21C
95% 9 A
TMO Ne1 ’ e
\1 TMO No2
KaHan KaHan
nepeaoxonogXeHHs NepefoXO/IOMAKEHHS
KaHan 3BONI0OXKEHHA P
(sunapoByBaHHs) 125 d KaHan 3B0/10)KEHHA
N ///
\\\ N =
T L2
A ~N
KoHageHcaTt
15,5C 145C "y 168 r/rop

67%

94%

Puc. 5. Cxema sumiprosaHb pobo4ux napamempie

Pe3ynbTatn BUNpobyBaHb

Pe3ynbTaT  KOHUENTYaNbHOro TeCTyBaHHA YCTAaHOBKM
HaBeAeHO B Tabn 2. BUMiptoBaHHA BUKOHaHI Npu famiHap-
HOMY peXKMMI Teuii B KaHanax, BUTpaTa NoBiTpA cTaHOBMANA
14 m¥rog, a uucno PeiiHonbaca— 133,4. Y noganblumx
eKcneprMmeHTax byze BUBYEHO BNAMB Yncna PeliHonbaca, a
TaKOX iHWKX GaKTOPiIB Ha XapPaKTEPUCTUKMU YCTAaHOBKM. Mn-
TOMi eHEepProBMTPaTN Ha BUPOBIEHHS KOHAEHCATY Ta AKICTb
BOAW BUABWUANCHL NPUOAN3HO Ha PiBHI MapoKomnpeciiHol
YCTaHOBKM, ane NpeacTaBAeHWUA NPOTOTUN He noTpebye
JJKepen BUCOKOrO TWUCKY, MOro KOHCTPYKLiS 3HA4YHO
npocTiwa, 6e3 pyXxomux efleMeHTiB.

HanpauloBaHHA KOHAEHCATy BM3HAYyaAn ABOMa PisHUMM
cnocobamu: 6esnocepeaHbo (BUMIpPOBAaHHAM  KiJIbKOCTI
KOHAEHCaTy) Ta PO3paxyHKOBO, 3a Aiarpamoto BONOroro no-
BITPA, 3 BMKOPWUCTAHHAM AaHMX LWOAO0 TemnepaTypu Ta

BONOrOCTi Ha BXOAi Ta BWUXOAi B KaHaslax YCTaHOBKM.
P036iXKHiCTb LMX AaHMX cTaHoBMANA 2,4 %, WO CBifYUTL NPO
XOPOLY TOYHICTb MPOBeAEHHA eKkcnepumeHTiB. lMpoayk-
TUBHICTb BUPODB/AEHHA KOHAEHCaTy cTaHoBMAa 6/M3bKO
170 r/roa. Takox 6yno pospaxoBaHO KoedilieHT Buay-
YeHHA BOJIOTU, AKUI NMOKA3YE YAaCcTKy BOAOMM, Wo byna Bu-
napysaHa B nosiTpsa (y TMO Ne 1), Baanocs NnoBepHyTU y BU-
rnagi guctmnobosaHoi soau (y TMO Ne 2):

dMaKc - dan .

MBI/IM = d _ dBX ’

MakKcC

Ae dqx — BONOTOBMICT HAaCMYEHOro MOBITPA 3a BXigHOI
Temnepatypu (r Bonorn/Kr cyxoro nositpa), dgy i dyyy — BO-
JIOrOBMICT NOTOKY NOBITPA Ha BXOAi B anapaT Ta Ha BUXOA4i 3
HbOro. Po3paxyHKu MoKasanu, Wo uein KoedilieHT cTaHo-
BUTb 93,8 %, WO AEMOHCTPYE AOCTAaTHbO BUCOKY edek-
TUBHICTb KOHAEHCALLT BOIOTM B KAHANAX OXONO4KEHHA.
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Tabnunusa 2. PeaynbTaT TeCTyBaHHA YCTAHOBKM

3HaueHHA napameTpa
TMO Ne 1 TMO Ne 2
n .
apamertp HaBxopiB | Higuxopis Ha suxogai 3 Ha Buxogi 3 Ha suxogi 3
YCTaHOBRY BOJIOrOro 0X0N0AKYBa/lb- BOJIOTOro 0X0N0AXKYBa/b-
KaHany HOro KaHany KaHany HOro KaHany
ButpaTa nositpa, m3/rog, 14 14 14 14
LLIBnAaKicTb NOBITPA B 0.21 0.65 0.21 0.65
KaHani, m/c ’ ’ ’ ’
EkBiBaneHTHe uncno 1333 1333
PeltHonbAca, Reeq ’ '
Temnepatypa nositpa, °C 34 26 15,5 21 14,5
BigHOCHa BosoOricTb
noBiTPA, % 27 95 67 97 94
Bonorosmicr, r/Kr 9 20,3 7,3 15,2 9,7
MpPOAYKTUBHICTb 33 KOH-
aeHcatom, m3/rog 0,000168
EHEprocnoXxmnsaHHa BeH- )
TMnAaTopamm, Bt
EHeprosaTpaTi Ha BUpPOb-
HWLUTBO KOHAEHCaTy, 11,9
KBT*roa/m3

TepmopguHamMiuHy eheKTUBHICTb e1eMeHTapHOT KOMIpKKM 3a
M-LMKIOM BU3HAYaNN OKpeMO A/1s 610Ky BUNApOBYBAHHSA
(TMO Ne 1) Ta anapata B Linomy (BMNApOBYBaHHSA + KOH-
AeHcalin) 3a TakumMmu cniBBigHoLwweHHamM [17]:

3a TeMnepaTypolo MOKPOro TepMoMeTpa

t — tBl/lX.

’

Evr
b1 — tur

3a TeMnepaTypoto TOUKM pPocH

t1 — toux
t1 - t

Ep = .
P

ne t; — TemnepaTypa NoBiTPA Ha BXOAi B anapat y Touui 1
(ams. giarpamy Ha puc. 2); ty, Ta ty, — TEMNEpaTypyu MoK-
poro TepMomeTpa M TOYKM pocu ANsa BXigHOro noBiTpSA;
toux — BUXiAHa TemnepaTypa nositpa (gns TMO Ne 1 BoHa
[OPiBHIOE TemMepaTypi B ToYLi 2, a A1A anaparTa B Lisiomy B
TouLi 4, AVB. Ajiarpamy Ha puc. 2).

EKcnepumeHTanbHi AaHi WoA0 TepMOANHAMIYHOT epeKTUB-
HOCTi NpeacTasneHi B Tabn. 3.

Ta6nuua 3. TepmoguHamiuHa epeKTUBHICTb

AnaparB

TMO Ne 1 .

Mapametp BMNapoBYyBaHHA tinomy
Evr 1,33 14
STD 0186 0,9

EKcnepuMeHTanbHi AaHi Woa0 TepMOoANHAMIYHOT epeKTUB-
HOCTi KOMipKKM 33 M-UMKIOM npeacTaBfieHi B Tabn. 3. Ak
BMAHO B TabnLi, TepmogMHamMiyHa epeKTUBHICTb KOMIPKM,
po3paxoBaHa 3a TEMMEpPATypord MOKPOro TepMOMETPa,

nepeBuLLYE OAMHULLO, WO € AYXKe BaXK/MBUM HAayKOBUM i
NPUKAAAHUM pe3ynbTaTom. Mpu ubomy NiABULLEHHA Tep-
MOAMHaMiYHOT edeKTMBHOCTI anapaTa B uinomy (TMO Ne 1
+TMO Ne 2) nopisHsHO 3 TMO Ne 1 ctaHoBUTb 4 %. Tepmo-
OVHaMiYHa ePEeKTUBHICTb KOMIPKM 32 TEMMNEPATYPOIO TOUKN
pocu 6113bKa A0 OAMHML, | TAaKOXK cnabo 3pocTaE 3a paxy-
HOK YCTaHOBKM Apyroi Komipku. AK i B poboTi [17], Taki Bu-
COKi XapaKTepPUCTUKN TEPMOAMNHAMIYHOTO LMKNY JOCATHYTO
npu namiHapHomy pexxumi Teuii (Reeq = 133). Y pobori [17]
npu Reeq = 133 TepmogmHamivyHa ePeKTUBHICTb Ewr CTAHO-
Buna = 1,10, a erp— = 0,85. MNMpuHUMNOBO MOXKAMBE NO-
Aanblue 36iNbWeHHA LMX NapameTpiB, O4HaK Le noTpebye
3HAYHOrO MiABULLLEHHA BiAHOCHOI JJOBXWHU YCTAHOBKM, LLLO
NMoB’A3aHO 3 A04aTKOBMMM EHEPreTUYHUMM 3aTpaTaMu.

Cnif, 3a3HauunTK, WO B ekcnepumeHTax 6yno BuaABaeHO yT-
PUMaHHA AeAKOoi YaCTUHU KOHAEHCaTy B KaHanaxX KOHAOEH-
caLlil 338 paXxyHOK C1A NOBEPXHEBOrO HATAry Ta KanifapHoro
edekTy, Wo 6,10KyBano BiNbHUI BUXig KOHAeHcaTy. Lie Bu-
Marasio nepiogMyHoOro MexaHiYHOro BUAANEHHA PigUHU.
Ona 3anobiraHHA uboMy edeKTy nig Yac MPOEKTYBaHHA
YCTaHOBKM KaHaNM KoHAeHcaLii matoTb 6yTW 40CTaTHbO Be-
JINKNX pO3MipiB.

3agavi noganblinxX AOCNiAXKEHD

Y nopanbuwiit poboTi g5 yAOCKOHANEHHA NpoLecy AUCTU-
NAUii NN1aHYETbCA 3aCTOCYBAHHA Ki/IbKOX CTYNeHiB Tenaoma-
COOBMiIHHMX anapaTiB 3 NEPEXPECHOIO TeYiElD, WO BUKOPU-
CTOBYIOTbCA  A/1A  BWMApPOBYBAaHHA Ta  NOAAJNbLIOT
KOHZAEHcaLii BogaHux napis. Lle 3a6e3neunTtb ULy edek-
TUBHICTb Npouecy ANCTUAALIT, NiABULWLMUTL NPOAYKTUBHICT,
Ta 3HM3UTb eHeprosaTpaTM. 3amiCcTb OAHOro NpPOTU-
TeyilHOro Ten1oMacoobMiHHOro anapata moxe byTu BCTa-
HoBneHa  baraTtocTyneHeBa  cucTema  MOCNIAOBHUX
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TEeNn/JIoMacoobMiHHMX anapaTiB 3 NepexpecHolo Tedieto, BU-
NapHi KaHaNKn AKOI pO3TaloBaHi NepneHaMKYAAPHO A0 Ka-
HaniB OXONOAKEHHA Ta KOoHAgeHcauii. PeryntoBaHHA npo-
OYKTMBHOCTI anapaTta 3fiicHIoBaTUMETbCA 36inblieHHAM
KiNbKOCTi CTYyNeHiB NnepefoxonoaKeHHs Ta 6esnocepegHbo
Ten/JIoMacoobmiHHMX anapatiB. KaHanu TennomacoobmiH-
HOro anapaTta opraHi3oBaHi B TaKMi CNOCI6, LLLO KOXKEH ne-
PeLOXONOAKEHNN KaHan A0AATKOBO OXONOAMKYE HAcTyn-
HWM, | Tak pani, Wo pJae 3mory Habausutucb Ao
TEMMepaTypu TOYKM POCU 3 MIHIMANbHMMKW BTpaTaMu
TUCKY. JlocniayKeHHA nokasanu, Wo TenjaoMacoobMiHHi
anapaTth 3 NepexpecHo TEYiElD XapaKTepPU3YHOTbCA KOH-
CTPYKTMBHOIO MPOCTOTOI Ta MOMK/MBICTIO X MaclTaby-
BaHHA A/1A O0CATHEHHA 6aaHoi MOTYXKHOCTI. 3aBAnaKuM
LbOMY MOXKHA A0CAraTM YMOB, B/M3bKUX 40 TOUYKU pocH,
O HEMO/MBO ANA OAHOKACKagHux cxem. MoXnusicTb
MOAYNbHOrO MacwTabyBaHHA TenJ0MacoobMiHHMX ana-
paTtiB gae 3mory perynioBatu e(eKkTUBHICTb | npoayk-
TMBHICTb anapaTa, wWo 3abe3sneyye nmoro edeKkTusHe 3a-
CTOCYBaAHHA B Pi3HUX KNiIMaTUYHWMX 30Hax. KoHoirypauis
TENNOMacoobMiHHUX anapaTiB 3 NepexpecHoto Tevieto 3 6a-
raTocTyneHeBMM NepeaoxoNoaKeHHAM BUMAPHUX KaHanis
A€ 3MOry [OCATTU BUCOKOT eDEeKTUBHOCTI 3 MiHIManbHUMM
BTPaTaMm TUCKY, @ TAKOX 3a6e3neunTn BULLLY HaZiHICTb 3a
PaXYHOK BifAHOCHO NPOCTOI KOHCTPYKL,ii i MEHLIOI KiNnbKOCTI
enemeHTiB. byse TaKoXK BMBYEHA MOM/IMBICTb BUKOPWU-
CTaHHA riapodinbHuX / rigpodobHnx matepianis, Aki 3abes-
neyaTb Bi/ibHe rpaBiTaliiHe CTiKaHHA NIBKM KOHAEHCaTy.
HoBM3Ha TeXHIYHWX pilleHb YCTAaHOBOK 3axulleHa 3anaB-
KaMW Ha iHTeNeKTyanbHy BAacHicTb [18, 19].

BucHoBKMU

e Y poboTi NpeacTaBNAeHO pe3ybTaT KOHLENTyaslbHOro
[OCNIAKEHHA ANCTUNALIT BOAM B OAHOKAcKagHOMY Ten-
nomacoobmiHHOMyY anaparti 3a uMkaom MaicoueHKa 3
nepexpecHMm TOKOM TEMNIOHOCIIB Ta KaninApHoO-nopuc-
TOO CTPYKTYPOLO Yy BONIOTMUX KaHanax. OTpuMaHi pesyb-
TaTVW NiATBEPAWNM BUCOKY TEPMOSUHAMIYHY ebeKTUB-
HiCTb KOHLenNL,iT, Np1 JaMiHapHOMY PEXMMI B KaHanax.
JocarHytnin KoediuieHT epeKTUBHOCTI 33 MOKpPUM Tep-
MOMETPOM CTaHOBMB 1,4, a 33 TemnepaTypolo TOYKU
pocn —0,9.

o KoediuieHT BuayyeHHs Bonorm ctaHosmB 93,8 %, wWo
CBiAYMTb NPO MiHiIManbHi BTpaTK BOJOrX B anaparTi. 3a-
rajbHa  MNPOAYKTUBHICTb  YCTAaHOBKM  CTaHOBMNA
0,168 n/ron, 3a eHeprosutpat 11,9 KBT-roa/m3, wo €
TEXHIYHO NPUNHATHUM NOKA3ZHUKOM.

e BuABNEHO CYTTEBW BMN/IMB CU1 NOBEPXHEBOrO HATArY Ta
KaninapHoro epeKkTy Ha YMOBU BUAANEHHA CKOHAEHCO-
BaHOI BONOMU, WO 0BMeXKYE MiHIMaNbHUIA PpO3Mip KaHa-
NiB KOHAeHcauii anapaTta. 3 ornA4y Ha Lue B KOHCTPYKU,ii
anaparta cnig Bukopuctatu rigpodinbHi / riapodobHi
maTepianu, aki 3abe3neyaTb yMOBU 418 BiIbHOTO rpasi-
TaLiMHOrO CTiKaHHA NNIBKM KOHAEHCcaTY.

o KOHCTpYyKL,ia anapaTta € TeEXHONOrMYHOI, BOHA A€ 3MOTY
BMKOPUCTOBYBATU AOCTYMHI MaTepianu Ta agUTUBHY Te-
xHonorito (3D-4pyK) BUPOBHULTBA, LLLO CYTTEBO 3HUXKYE

Kanita/bHi BUTPATM NOPIBHAHO 3 TPAAULiIMHUMM TEXHO-
noriammn guctunsauii.

e T[loganbwi pocnigkeHHs Oyae CNpAMOBAHO Ha BW-
BYEHHSA Pi3HMX daKTopiB, AKi BU3HAYaOTb TEPMOAMHA-
MiYHYy eeKTUBHICTb | NPOAYKTUBHICTb OAHOKACKaAHOIro
TENN0MacoobMiHHOrO anmapaTta 3a uMknom Mavicoue-
HKa (uMcno PeiHonbAca B KaHanax, Temnepatypa Ha
BXOZi, KOHLLEHTPALiA pO34YmMHY, iHTeHcudiKaLia Tenno- i
MacoobmiHy Towo). Y nepcnekTUBi 3HaYHUIA iHTepec
CTaHOBUTUME 3aCTOCYBaHHA [ABO- Ta TPMKACKaZHOI
CXeMW TeN0MacoobMiHHOro anapaTty 3 MeTol NiaBu-
LLLEeHHA TePMOANHAMIYHOT eDEeKTUBHOCTI LIUKAY.

JocnipeHHA NpoBOAUNOCL Y MeXKaxX HayKOBO-A,0CNIAHOI
poboTtn «TenanogizuyHi 3acadu nidBUWEHHA eHep20eKo-
n102i4HOI ehekmusHOCMi 8 mernnoeHepzemuyi i eHepaoma-
WUHOBYOY8AHHI NpuU 8UKOPUCMAHHI mpaduuiliHux eHepao-
pecypcis, 8i0H08/1108aHUX 2a3i8 Ma meepoux 8i0x00ie», Lo
diHaHcyeTbes HauioHanbHOO AKagemieto HayK YKpaiHu 3
AeprkaBHoro 6rogrKety, Homep npoekty 1.7.1.909, Ta B
MeXax NpPOEKTy BipaineHHAa wuinboBoi niarotoBkn HTYY
«KMl im. I. CikopcbKoro» npu HauioHanbHin Akagemii HayK
YKkpaiHn «TenaomacoobmiH e anapami MalicoueHka 3
KaninapHo-nopucmumu CmMiHKGMu ma HO8i 3aCmoCy8aHHA
8 eHepzemuuyi, mMenaonoCMa4yaHHi ma 8eHMuAAYil
6ydisens», Norosip Ne 2026/Td/01.
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Abstract. The global problem of the drinking water shortage is
considered, and the main properties of existing water
desalination and distillation  technologies, based on
"humidification-dehumidification” devices, are analyzed. An
innovative experimental rig for the distilled water production,
based on the Maisotsenko cycle (M-cycle) with a cross-flow
scheme, has been developed and tested. The design of a single-
stage prototype is described, the test results and energy
performance are presented. The possibility of the water
condensate production with an energy consumption of 11.9
kWh/m?3 is experimentally confirmed. The prospects for the
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equipment improvement when using the multi-stage distillation scheme are considered.

Keywords: water distillation; Maisotsenko cycle; single-stage installation; efficiency; productivity.

Abbreviations

HMX — heat/mass transfer exchanger

Introduction

The global water crisis is one of the key problems of our
time, and overcoming it is estimated to cost trillions of dol-
lars. According to the World Bank report "High and Dry,"
water scarcity could lead to a decline in the GDP of certain
regions by up to 6% by 2050 [1], with catastrophic eco-
nomic consequences. Annual economic losses due to the
lack of access to clean water (sanitation, health, productiv-
ity) amount to approximately $260 billion [2]. Therefore,
significant efforts by scientists, engineers, and technolo-
gists are currently directed towards researching and devel-
oping new water distillation and desalination technologies,
with this activity increasing every year. The industrial water
treatment market is valued at $140 billion [3], and the de-
salination technologies segment is projected to reach $50
billion by 2032 [4], indicating significant potential for inno-
vation in this field.

Currently, two main technologies are used for the distilled
water production: membrane and thermal technologies.
Among membrane technologies, reverse osmosis [5, 6] and
electrodialysis [7] are the most common ones, while ther-
mal methods include multi-stage and vapor compression
distillation, as well as multi-stage flash distillation [8]. Com-
pared to the thermal methods, the membrane technologies
require somewhat lower capital costs and an order of mag-
nitude less energy consumption, but they yield significantly
lower water quality. The disadvantages of thermal

technologies include their bulkiness and scaling issues. Me-
chanical vapor compression technology is also utilized; it
ensures high water quality but requires complex compres-
sor equipment and has higher electricity consumption [8].
A comparison of the primary water desalination and distil-
lation methods is presented in Table 1.

The indicators in Table 1 reflect only the external (exoge-
nous) energy consumption required for the operation of
each specific system. For traditional thermal methods, the
thermal energy consumption for boiling from an external
source is specified, whereas in technologies such as MVC or
"humidification-dehumidification," the energy for evapora-
tion is generated within the cycle through mechanical work
or recuperation. This comparison allows for an assessment
of the net consumption of resources supplied to the installa-
tion from external sources.

It should be noted that membrane technologies have tech-
nical limitations associated with increasing salt concentra-
tion—specifically, a rapid rise in osmotic pressure and the
risk of irreversible fouling of expensive membranes. These
limitations prevent deep concentration of solutions with-
out compromising energy efficiency and equipment service
life. Therefore, brine disposal is regarded as a critical disad-
vantage of RO technology. Regarding the low recovery rate
in MSF systems (10-25%), this is due to the large volume of
wastewater discharged for system cooling and salt
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removal, whereas other systems allow for a higher concen-
tration of the feed solution without the risk of instantane-
ous equipment failure. For instance, this indicator ranges

from 35-50% for reverse osmosis and reaches as much as
80-90% for electrodialysis.

Table 1. Comparison of water desalination and distillation methods

Specific energy con-
sumption, kWh/m3 Operat- Wu:ﬁ:r
Technology - ing costs, q \ Advantages Disadvantages
Electrical | Thermal | ysp/m? (TDs),
energy energy ppm
Mature technology; High pressure; expen-
Reverse Osmosis _ _ _ compactness; wide- | sive membranes; chlo-
(RO) 4-8 05-1.0 <500 spread adoption rine sensitivity; brine
disposal issues
High water recovery; | Ineffective for sea-
. . durable membranes; | water (TDS > 3000
:EEI%c)trodlalysm 2.8-5.5 - 0.4-0.7 <500 low pressure ppm); does not remove
organic matter and
bacteria
Vechanicalvapor ||| | Comsaness | Complexcompressors
(MV(?) ’ ) tion (electricity only); | operating costs
high water purity
Thermal Vapor Efficient vapor recov- | Requires a high-pres-
Compression 1.6-1.8 14.5 0.7-1.0 <10 ery; no moving parts | sure steam source; low
(TVC) (ejector) water recovery
High heat transfer High capital costs; diffi-
Multi-Effect Distil- _ } _ coefficient; less scal- | culty in scaling a single
lation (MED) 2-25 12-19 08-12 <10 ing (lower operating | unit
temperature)

- Reliability; large unit | Corrosion; bulkiness;
Multi-Stage Flash 25-5 16-24 1.0-1.5 <500 capacity; waste heat | very low water recov-
(MSF)

utilization ery rate

Consequently, there is an urgent need to develop a com-
petitive, low-cost, and energy-efficient method for distilled
water production. The primary research focus is on finding
a compromise among specific energy consumption, design
manufacturability, and product quality. Among such meth-
ods, innovative developments, based on the "humidifica-
tion-dehumidification" (HDH) principle, stand out. These
can be classified as thermal methods; however, they differ
in that the water is not heated to its boiling point, which
significantly simplifies the requirements for technological
equipment. Current applications include direct evaporative
HDH, indirect evaporative HDH, and evaporative HDH
based on the Maisotsenko cycle. A comparative study of
these methods is presented in [8].

The Maisotsenko Cycle and its Application for Water Dis-
tillation

Among the "humidification-dehumidification" (HDH) meth-
ods, distillation based on the Maisotsenko cycle is particu-
larly noteworthy. This process utilizes the environmental
potential, combining relatively low energy consumption
with low capital and operating costs. Unlike traditional
methods, limited by the wet-bulb temperature (t,,;), the
M-cycle allows for cooling the working medium down to
the dew point temperature (t,,). This significantly expands
the potential of both the humidification and moisture con-
densation processes [8].

The first units operating on the Maisotsenko cycle were de-
signed for air cooling [9], and only later were technical so-
lutions for water distillation proposed [10]. The schematic
and the diagram of the M-cycle cooling process are shown
in Fig. 1. Due to heat exchange with the adjacent wet chan-
nel, air in the dry channel is cooled to a temperature ap-
proaching the dew point (process 1-2); this cooled air is
then directed into the wet channel, where it moves in a
counterflow or cross-flow pattern relative to the flow in the
dry channel. As it evaporates from the surface of the wet
channel, this air absorbs heat (both sensible and latent) re-
moved from the dry channel (process 3—4). The schematic
and diagram of a single-stage distillation process are shown
in Fig. 2. The apparatus consists of three channels, namely:
a dry channel, a humidification (evaporation) channel, and
a dehumidification (condensation) channel. Air enters at
point 1, passes through the dry channel, and enters the hu-
midification channel at point 2. There, it comes into contact
with water on the wet channel wall, humidifying the air at
point 3 theoretically up to 100%. Subsequently, the moist
air enters the dehumidification channel, where water vapor
condenses due to cooling, and the distilled water is col-
lected at the bottom of the channel. The exhaust air exits
at point 4, and the wastewater is drained at the bottom of
the wet channel.
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Fig. 1. Schematic of one variant of a heat and mass exchanger using the Maisotsenko cycle for air cooling and a psychro-
metric diagram of the thermodynamic process
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Fig. 2. Schematic of a single-stage heat and mass exchanger using the Maisotsenko cycle for water distillation and psy-
chrometric diagram of the process

Currently, various designs for distillation and water desali-
nation units based on the Maisotsenko cycle have been de-
veloped. Thermodynamic modeling of three "humidifica-
tion-dehumidification" (HDH) methods conducted in [11]
demonstrated that, compared to direct and indirect HDH
cycles, the Maisotsenko cycle has the potential to reach the
dew point temperature of the inlet air; however, approach-
ing the dew point in practice is problematic and requires
significant channel lengths. According to the research re-
sults, the M-cycle desalination unit is the least energy-in-
tensive among the three considered configurations. In [12],
a thermodynamic analysis of an HDH-based desalination
scheme using the M-cycle and a solar water heater was per-
formed. The primary factors influencing the performance
of the desalination system and its energy consumption
were identified. It was shown that the increase in output
power and the specific energy consumption exhibit oppos-
ing trends in all considered cases. Finally, [13] presents the
mathematical modeling of a hybrid residential cooling and
desalination system based on the Maisotsenko cycle inte-
grated with photovoltaic/thermal (PV/T) solar collectors.

In [14], a solar-powered humidification-dehumidification
(HDH) desalination unit utilizing an M-cycle air humidifier is
proposed and mathematically modeled. A comparative
study demonstrated that the proposed scheme provides a
30% higher fresh water yield, a 46% higher recovery ratio
(RR), and an 11% higher Gained Output Ratio (GOR) com-
pared to a desalination system based on a direct-contact
humidifier. In [15], an indirect evaporation scheme for
wastewater recovery and reuse based on the M-cycle is
considered. A water distillation unit was developed and
tested, featuring a distillation block consisting of three ad-
jacent channels: dry, evaporative, and condensation. Pre-
liminary experiments on this unit enabled assessment of
the new indirect evaporation concept for wastewater re-
covery. The results indicated the necessity of preheating
the feed wastewater to 60°C to increase the water conden-
sate flux. Finally, [16] presents a pilot plant designed for the
simultaneous production of cooling via the M-cycle and
seawater desalination.
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According to the research of Pandelidis et al. [8], the key
advantage of the Maisotsenko cycle distillation process is
that the latent heat of condensation released in the dry
channel is not lost; instead, it is utilized as an energy source
for water evaporation in the wet channel. This ensures high
thermal efficiency (COP) of the process. It is concluded that
the thermodynamic efficiency of the distillation process in
such a system is rooted in this unique heat recovery. The
process takes place in a recuperative heat and mass ex-
changer (HMX) featuring complex flow geometry.

Objective of the work

An analysis of available literature has demonstrated the
promising prospects of utilizing the M-cycle for water dis-
tillation and desalination. This method is characterized by a
simple design, high productivity, and relatively low energy
consumption, which facilitates its integration with renewa-
ble energy sources. Furthermore, it meets stringent water
purification requirements, removing more than 99% of im-
purities—a performance level comparable to common
modern purification methods such as reverse osmosis and
adsorption. The application of renewable energy sources in
conjunction with this method meets contemporary envi-
ronmental safety standards and significantly reduces en-
ergy expenditures. However, despite the potential of this

distillation technique, current findings remain largely theo-
retical; there is a lack of experimental research necessary
for the development of more efficient equipment. The ob-
jective of this work is to develop and test a single-stage wa-
ter distillation apparatus operating according to the M-cy-
cle, featuring a cross-flow configuration and a capillary-
porous structure in the wet channels.

Experimental installation and measuring equipment

To validate the proposed single-stage configuration, a proto-
type unit was developed and tested, which is intended for
use in further research. A critical challenge in traditional
evaporative coolers is the non-uniform wetting of the plates,
which impairs mass transfer intensity within the wet chan-
nels. To overcome this issue, the proposed design incorpo-
rates a capillary-porous structure to facilitate the capillary
rise of water from a bottom reservoir, following the scheme
suggested in [17]. This material ensures rapid water
transport and evaporation, a more uniform moisture distri-
bution across the heat-exchange surface, and lower aerody-
namic resistance in the wet channel compared to conven-
tional nozzle-based (spray) systems. The schematic and
general view of the setup are presented in Figs. 3 and 4.
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Fig. 4. General view of a single-stage installation
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The prototype design follows a single-stage cross-flow con-
figuration, which simplified the manufacturing of compo-
nents via 3D printing and reduced the total cost of the unit.
It nominally consists of two heat and mass exchangers: an
evaporator (HMX No. 1) and a condenser (HMX No. 2). The
channel length (L) for both units is 350 mm, while the equiv-
alent channel diameter d. and relative length L/d, were
3.1 mm and 113, respectively.

During testing of this unit, the air flow rate, temperature, and
relative humidity are measured at key points along the work-
ing circuit, as well as the amount of condensate formed at
the channel outlets. The measurement scheme and flow pa-
rameters are presented in Fig. 5. Air temperature and humid-
ity are measured using the TESTO 605i thermohygrometer,
while the air flow rate is measured with the TESTO 417-2 an-
emometer. The flow rates and Reynolds numbers within the
unit's channels are presented in Table 2.

34C
26C 27% 21C
HMXNo.l  9°% W\‘
\- HMX No. 2
Precooling
channel Precooling channel
Humidification channel 1 R s
(evaporation) 1is g Humidification channel
N ///
Cooling channel SN Condensation channel
] 1
Ly,
A
Condensate
15.5C 145¢C "y 168 g/h
67% 94%

Fig. 5. Scheme of measurements of operating parameters
Test results jointly with the other factors, on the system's performance
characteristics. It was observed that the specific energy
consumption for condensate generation and the resulting
water quality were comparable to those of a vapor-com-
pression system; however, the presented prototype does
not require high-pressure sources and features a signifi-
cantly simpler design with no moving parts.

The results of the conceptual testing of the unit are pre-
sented in Table 2. Measurements are carried out under a
laminar flow regime within channels, with an air flow rate
of 14 m3/h and a Reynolds number of 133.4. Future exper-
iments will investigate the influence of Reynolds number,

Table 2. Installation test results

Parameter values
Parameter At the HMX No. 1 HMX No. 2
unit inlet At the wet At the dry channel At the wet At the dry channel

channel outlet outlet channel outlet outlet
Air flow rate, m3/h 14 14 14 14
Air velocity in the channel, 0.21 0.65 0.21 0.65
m/s
Equivalent Reynolds num- 1333 133.3
ber, Reeq
Air temperature, °C 34 26 15.5 21 14.5
Relative humidity, % 27 95 67 97 94
Humidity ratio, g/kg 9 20.3 7.3 15.2 9.7
Conden3sate production 0.000168
rate, m3/h
Fan power, W
Specific energy consump- 11.9
tion, kWh/m3 :
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The condensate production was determined using two dif-
ferent methods: directly (by measuring the quantity of col-
lected condensate), and by calculation, using a psychro-
metric chart based on the temperature and humidity data
at the inlets and outlets of the unit's channels. The discrep-
ancy between these two methods was 2.4%, indicating high
experimental accuracy. The condensate production rate
was approximately 170 g/h. Additionally, the moisture ex-
traction coefficient was calculated, which represents the
fraction of moisture evaporated into the air (within HMX
No. 1) that was successfully recovered as distilled water
(within HMX No. 2):

- dout .

)
- din

— dmax
Hsat d

max

where dgg; is the humidity ratio of saturated air at the inlet
temperature (g moisture/kg dry air), d;, and d,,; are the
humidity ratios of the air stream at the inlet and outlet of
the apparatus, respectively. Calculations showed that this
coefficient is 93.8%, which demonstrates a high efficiency
of moisture condensation within the cooling channels.

The thermodynamic efficiency of the M-cycle unit cell was
evaluated separately for the evaporation block (HMX No. 1)
and the system as a whole (evaporation and condensation)
based on the following relations [17]:

Wet-bulb efficiency

c by — Lot
YO — b
Dew-point efficiency
- b1 — Lout
Pt —tyy

where t; is the inlet air temperature at point 1 (see dia-
gram in Fig. 2); t,;, and t,, are the wet-bulb and dew-point
temperatures of the inlet air, respectively; and t,,; is the
outlet air temperature (for HMX No. 1, this corresponds to
the temperature at point 2, and for the system as a whole,
it corresponds to the temperature at point 4; see diagram
in Fig. 2).

The experimental data on thermodynamic efficiency are
presented in Table 3.

Table 3. Thermodynamic efficiency

Evaporating Overall system
Parameter HMX No. 1
Ewb 1.33 14
Eap 0.86 0.9

The experimental data regarding the thermodynamic effi-
ciency of the M-cycle unit cell are presented in Table 3. As
shown, the thermodynamic efficiency of the unit cell, cal-
culated with respect to the wet-bulb temperature, exceeds
unity, which represents a highly significant result for the
fundamental theory and practical applications. Further-
more, the increase in the thermodynamic efficiency of the
overall system (HMX No. 1 + HMX No. 2) compared to HMX

No. 1 alone is 4%. The thermodynamic efficiency of the unit
cell relative to the dew-point temperature is close to unity
and also shows a slight increase due to the installation of
the second stage. Consistent with study [17], these high
thermodynamic  performance  characteristics  were
achieved under a laminar flow regime (Reeq = 133). In [17],
at Reeq = 133, the wet-bulb efficiency ews, was = 1.10, while
the dew-point efficiency €d4p was about 0.85. While a further
increase in these parameters is theoretically possible, it
would require a substantial increase in the relative length
of the apparatus, leading to additional energy expendi-
tures.

It should be noted that during experiments, a small portion
of the condensate was found to be retained within the con-
densation channels due to surface tension forces and the
capillary effect, which obstructed the free discharge of the
liquid. This necessitated periodic mechanical removal of
the condensate. To prevent this phenomenon in future de-
signs, the condensation channels should be designed with
sufficiently large cross-sectional dimensions.

Tasks for further research

In future research, multi-stage cross-flow heat and mass ex-
changers (HMXs) will be employed to enhance the distilla-
tion process through staged evaporation and subsequent
condensation. This approach is expected to significantly im-
prove distillation efficiency, boost yield, and reduce specific
energy consumption. A multi-stage system comprising se-
quential cross-flow HMXs can replace a single counter-flow
unit, with evaporation channels oriented perpendicularly
to the cooling and condensation channels. System perfor-
mance can be modulated by adjusting the number of pre-
cooling stages and the number of individual HMX modules.
The channel architecture is designed so that each pre-
cooled stage further reduces the temperature of the sub-
sequent one, facilitating an approach to the dew-point
temperature with minimal pressure drop. Research indi-
cates that cross-flow HMXs offer structural simplicity and
inherent scalability, allowing the system to reach condi-
tions near the dew point—a feat unattainable by single-
stage configurations. Modular scalability enables fine-tun-
ing of efficiency and output for operation across diverse cli-
matic zones. Furthermore, this multi-stage cross-flow con-
figuration ensures high reliability due to its simplified
design and reduced component count. Future studies will
also investigate the integration of hydrophilic and hydro-
phobic materials to facilitate gravity-driven drainage of the
condensate film. The novelty of these technical solutions is
protected by pending intellectual property applications [18,
19].

Conclusions

e This paper presents results of a conceptual study of wa-
ter distillation in a single-stage M-cycle heat and mass
exchanger (HMX) featuring a cross-flow configuration
and a capillary-porous structure in the wet channels.
The findings confirm the high thermodynamic efficiency
of the proposed concept under a laminar flow regime
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within channels. The achieved wet-bulb efficiency is 1.4, 5.
while the dew-point efficiency is 0.9.

e The moisture extraction coefficient obtained is 93.8%,
indicating minimal moisture losses within the appa-
ratus. The overall system productivity is 0.168 L/h with
a specific energy consumption of 11.9 kWh/m3, which
represents a technically viable performance metric.

e Asignificant influence of surface tension forces and ca- 5
pillary effects on the removal of condensed moisture
was revealed, imposing a lower limit on the dimensions
of the condensation channels. Consequently, future de-
signs should incorporate hydrophilic and hydrophobic
materials to facilitate the free gravitational drainage of
the condensate film.

e The design of the apparatus is highly manufacturable, g
enabling the use of readily available materials and addi-
tive manufacturing (3D printing), which significantly re-
duces capital expenditures (CAPEX) compared to tradi-
tional distillation technologies.

e Future research will focus on the investigation of vari- 11
ous factors that determine the thermodynamic effi-
ciency and productivity of the single-stage M-cycle heat
and mass exchanger (HMX), such as the channel Reyn-
olds number, inlet temperature, feed solution concen-
tration, and heat and mass transfer enhancement.
Looking ahead, the application of two- and three-stage
HMX configurations is of significant interest, as these
multi-stage schemes will allow a further increase in the
thermodynamic efficiency of the cycle.
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Ukraine from the state budget (Project No. 1.7.1.909), and
within the project of the Department of Targeted Training
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Academy of Sciences of Ukraine "Heat and Mass Transferin
the Maisotsenko Apparatus with Capillary-Porous Walls
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