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ABSTRACT

Liu Yang. Increasing the efficiency of contact humidifiers in the operating
conditions of thermal water desalination systems.

Dissertation for a Philosophy Doctor degree in specialty 144 Thermal Power
Engineering. National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute” MES of Ukraine, Kyiv, 2025.

This dissertation is dedicated to the study of the air humidification process in a
acrylic film-type contact heat exchanger under typical operating conditions of thermal
water desalination systems.

The introduction explains the importance of the research topic, defines the object
and subject of the study, highlights its scientific novelty, and states the aim and objectives.
It also justifies the scientific principles and conclusions presented in the dissertation.
Additionally, it details the practical significance of the findings, the author’s individual
contribution, the validation of the findings, related publications, and outlines the scope
and structure of the work.

Chapter 1 is devoted to the analysis of the current state of water desalination
technologies and a review of contact humidifier designs used in thermal desalination
systems. The chapter begins with an analysis of freshwater supply issues in China,
identifying the regions most affected by water scarcity. It is shown that decentralized,
small-scale seawater desalination is a promising solution for coastal areas and offshore
islands. The chapter describes the main types of small-scale desalination units, including
solar distillers, membrane systems, reverse osmosis, and humidification-
dehumidification (HDH) systems. The advantages of HDH systems for use in remote and
economically disadvantaged regions are discussed, along with factors that limit their
implementation.

It 1s noted that significant attention in modern research is paid to the integration of
HDH systems with power units based on steam turbines. In such hybrid schemes, the
steam turbine acts as an electricity generator, and its exhaust steam serves as a heat source
for the desalination process. Various configurations are considered in which the steam

turbine condenser is used as an air or water heater for the HDH cycle. Analysis of
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thermodynamic parameters showed that the optimization of working fluid expansion
modes in the steam turbine and effective recovery of condensation heat allow increasing
the total efficiency of the unit up to 94%, ensuring stable production of fresh water and
electricity.

Particular attention is paid to the analysis of contact heat exchanger designs within
HDH systems. It is established that the most common types of humidifiers are packed-
bed towers and bubbling columns. The advantages and disadvantages of existing
humidifier designs are summarized. The literature review reveals a lack of sufficient data
on air and water pressure losses, which hinders a comprehensive assessment of humidifier
performance, their energy and exergy indicators. Special attention is required for the
selection of materials, which must combine corrosion resistance to aggressive
environments (hot brine) with the necessary mechanical strength of the structure.
Furthermore, the influence of thermal state of humidifier elements on their operational
life and the stability of heat and mass transfer processes remains insufficiently studied.

The research presented in this dissertation is aimed at reducing the specific energy
consumption of contact humidifiers under typical operating conditions of thermal
desalination systems.

Chapter 2 describes the design of the experimental setup developed and
constructed to investigate the air humidification process. The system features an open-air
circuit and a closed water circuit. Its main components include a humidifier, a water
heater, a pump, a fan, and a control and measurement system. The humidifier is a
transparent acrylic tube, two meters in length, and with an internal diameter of 26 mm.

The choice of acrylic as a structural material is conditioned by its ability to ensure
a stable stress state and a uniform thermal state of the wall due to low thermal
conductivity. Unlike materials for bubble and spray humidifiers, acrylic demonstrates
higher fracture toughness, which minimizes the risks of crack growth initiation and
fatigue damage accumulation under conditions of frequent system startup and shutdown
cycles.

To monitor the air temperature and humidity in real time, the setup employs
instrumentation from Regmik, which enables a detailed analysis of heat and mass transfer

dynamics during the humidification process. The system allows for adjustments to the
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humidifier’s thermal load, regulation of water and air flow rates, and systematic collection
of experimental data. This setup makes it possible to study the energy performance of the
humidifier under typical operating conditions of HDH systems.

An experimental procedure was developed, including data collection and
processing methods, as well as calculation of the thermal balance between water and air,
with a distinction between latent and sensible heat components. An error analysis was
also conducted, accounting for uncertainties in both measurements and calculated
parameters.

Chapter 3 investigates the operating parameters and energy performance of a tube
film humidifier. It presents a classification of water film and air flow regimes within a
vertical tube, along with an explanation of the mechanisms leading to flooding. The lack
of clearly defined transition boundaries between flow regimes and the absence of accurate
methods for determining air pressure losses below the flooding point have been noted.

The visual identification of flow regimes in the humidifier was carried out, and
threshold values of water and air mass flow rates corresponding to regime transitions were
established. It was found that at a superficial air velocity below 0.34 m/s, air pressure
losses can be reliably determined using the Darcy-Weisbach equation. Based on this, it is
recommended to limit the superficial air velocity in the humidifier to 0.34 m/s to minimize
pressure losses and prevent contamination of the condensate with saltwater droplets.

The minimum water mass flow rate required to maintain continuous film flow was
determined experimentally. The feasibility of using a minimum mass flow rate ratio of
water to air (MR = 2) was substantiated. Under these conditions, maximum heat and mass
transfer efficiency was achieved, ensuring optimal performance of the humidifier.

The influence of inlet water temperature (in the range up to 60 °C) on the intensity
of heat and mass transfer processes was established. It is shown that increasing the
temperature leads to an increase in humidifier productivity and outlet air temperature.
Thermodynamic analysis revealed that with an increase in the temperature difference, the
humidification efficiency decreases due to the increase in process irreversibility, while
the exergy efficiency remains constant (#,.,,=0.58). The obtained results confirm the

energy feasibility of the proposed humidifier operating modes.
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An important result of the operational tests is the confirmation of the durability of
the humidifier's structural material. In the studied range of operating parameters, no signs
of thermal deformation, clouding of the acrylic, or crack growth initiation were detected.
This indicates that the heating-cooling operating cycles do not lead to critical changes in
the stress state of the tube wall or the accumulation of fatigue damage, guaranteeing the
durability of the structure.

Chapter 4 presents the developed thermodynamic model of a film humidifier based
on heat and mass transfer equations. The model was validated using experimental data.
New simplified empirical formulas were proposed to determine the heat and mass transfer
coefficients in film humidifiers under the operating conditions of HDH systems. A
calculation method was developed, which can be used for engineering design, techno-
economic analysis, and operational optimization of film humidifiers in thermal
desalination systems.

Modeling of the humidifier’s performance was conducted, and the optimal
geometric dimensions of the tube film humidifier were determined: a diameter of
d =50 mm and a height of / = 1 m. These parameters maximized the efficient use of the
humidifier’s volume, allowing high performance with minimal thermal and electrical
energy consumption.

In addition, the influence of ambient air parameters on the operational
characteristics of the film humidifier was analyzed. It was established that the apparatus
productivity depends weakly on the ambient air temperature but decreases significantly
with an increase in its relative humidity due to a decrease in the mass transfer potential.
At the same time, it is shown that the gain output ratio (GOR) demonstrates a slight
increase with an increase in both climatic parameters. This effect is explained by the
decrease in the density of humid air and, consequently, the decrease in air mass flow rate,
which leads to a reduction in the total thermal load on the humidifier.

Chapter 5 compares the energy performance of the investigated film humidifier
with other common designs. A description of various types of packing materials widely
used in HDH systems is provided. The operating parameters and energy characteristics

of the humidifiers selected for comparison are presented.
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The influence of the water-air mass flow ratio (MR) on evaporation intensity,
thermodynamic efficiency, and air aerodynamic resistance was analyzed. It was
established that in the temperature range characteristic of solar thermal systems (30-60
°C), the evaporation rate (ER) values for the film humidifier reach 200-800 kg/(m?3-h),
which is an order of magnitude higher than the indicators of systems with cellulose pads,
Raschig rings, or paddy grass. The hydraulic advantages of the developed humidifier are
separately substantiated: the absence of nozzles for water spraying allows creating the
operating head exclusively due to the geometric height of the tube. This ensures minimal
hydraulic losses on the liquid side compared to packed bed analogs, where energy costs
for overcoming the resistance of sprayers are significant. It is demonstrated that the film
humidifier ensures the highest evaporation intensity among all humidifier types. At the
same time, its aerodynamic and hydraulic resistance is minimal. It is established that the
use of a film humidifier allows reducing electricity consumption in the HDH system
without deteriorating its productivity.

It was shown that the film humidifier achieves the highest evaporation intensity
among all types analyzed, while maintaining minimal aerodynamic and hydraulic
resistance. The results confirmed that using a film humidifier reduces the electricity
consumption required for circulating water and air in the HDH system without
compromising overall system performance.

The dissertation materials and research findings have been implemented at
China Hydrogen Energy Group Co., Ltd and Liaoning Hongsheng Environmental
Solutions Technology Co., Ltd.

Keywords: cycling air, energy efficiency, environmental safety, heat exchanger,
heat transfer, mathematical model, separation, pressure losses, renewable energy,
temperature gradient, thermal state, turbine, two-phase flow, water desalination plant,
wastewater.
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AHOTAIIA

JIro SIu. [TinBumenHs e(heKTUBHOCTI KOHTAKTHUX 3BOJIOKYBAadiB B YMOBax poOOTH
TEPMIUYHUX CHCTEM 3HECOJICHHS BOJIU.

Hucepranisi Ha 3700yTTS HAyKOBOro CTymeHs Joktopa diumocodii 3a
criemianbHicTIO 144 «Temmoenepretuka». — HarioHanbHUN TEeXHIYHUN YHIBEPCHUTET
VYkpainn "KuiBcbkuit momiTexHiyHui iHCTUTYT iMmeHi Irops Cikopcskoro", MOH
VYkpainu, Kuis, 2025.

JNucepraniiina po0oTa nNpHUCBAYEHA JOCIIKEHHIO TIPOIECY 3BOJIOKEHHS
NOBITPS Yy AaKpPWJIOBOMY KOHTAaKTHOMY TEIUIOOOMIHHMKY IUIIBKOBOTO THUIY 3a
XapaKTepHUX yMOB pOOOTH TEPMIYHUX CHUCTEM 3HECOJICHHS BOJIH.

Y BeTynmi BHCBITIICHO aKTYalbHICTb TEMH JOCIHIHKEHHS, BH3HAYCHO O0'€KT,
IpeIMET, HAYKOBY HOBHM3HY, METY Ta 3aBJIaHHs JOCTIIKeHHS. OOTpyHTOBAHO HAYKOBI
MOJIOKCHHS Ta BUCHOBKH, chopMyiboBaHi B jauceprtarii. [lomaHo iHdopmariio mpo
NpaKTHYHE 3HAYCHHS PE3yJIbTaTiB, 0COOMCTUI BHECOK aBTOpa, almpoOarlliio pe3yabTaTiB
aucepTarii, myOikarii 3a TEMOO AucepTallii, 00CsT Ta CTPYKTYypy AucepTarlii.

Po3ain 1 npucBsiueHo aHali3y Cy4yaCHOTO CTaHy TE€XHOJIOT1H ONpICHEHHS BOAM Ta
OTJISiTy KOHCTPYKIIM KOHTAKTHUX 3BOJIOXKYBAdyiB, IO 3aCTOCOBYIOTHCSI B TEPMIYHHMX
cucteMax. Po3mi mounmHaeThes 3 aHami3y mpobiieM 3a0e3MedeHHs MPICHOI0 BOJOI0 B
Kurai Ta Bu3HaueHHs perioHiB, sKi HaOLIbIIE CTpaXKAarOTh Bif ii Hectaui. [lokaszaHo,
IO JISHEHTpali30BaHe MajoMaciiTadHe OMPICHEHHS MOPCHKOI BOJU € MEPCHEKTUBHUM
PIIICHHSAM AJI1 TMpUOEPEKHUX PalioOHIB 1 MOPCHKHX OCTpOBiB. OMHCAaHO OCHOBHI THUIH
MaJIOMacIITa0HUX YCTAaHOBOK OIMPICHEHHSI, 30KpeMa: COHSYHI AUCTUIISATOPH, MeMOpaHHi
CHUCTEMH, 3BOPOTHMM OCMOC Ta YCTAaHOBKH 3BOJIOKEHHS-OCYIICHHS MOBITPS
(humidification-dehumidification, HDH). 3a3znaueno mnepeBaru HDH-cucrem s
BUKOPUCTAaHHSA Y BIIJAJIEHUX 1 Majo3a0e3leUeHUuX pEerioHax, a TaK0oX BU3HAYEHO
00MeXKyBaJbHI YUHHHUKHU iX BIPOBAIKCHHS.

BigMmiueHo, 1110 3HaYHa yBara B Cy4acHUX JOCIIKEHHIX MPUILIIEThCS 1HTerpari
HDH-cuctem 3 eHepreTHUHUMU YCTAHOBKAMU, OCHOBY SIKUX CKJIaJIal0Th MTApOB1 TYPOiHH.
Y Takux TIOpUAHMX CcXemax TIapoBa TypOiHAa BHKOHYe (YHKIIIO TeHepaTopa

eJICKTpOEHEpTii, a 1 BiANpallbOBaHa Mapa CIyTye HKEPEIOM TEIUIOTH ISl MPOLEeCy
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onpicHeHHS. Po3risiHyTo pi3HI KOH(irypailii, B sSIKHX KOHJIEHCATOp MapoBOi TypOiHH
BUKOPHUCTOBYEThCA SK HarpiBad moBiTps ab6o Boau 11 HDH-xonTypy. Amnanis
TEPMOJMHAMIYHUX T[apaMeTpiB TMOKa3aB, IO ONTUMI3allisl PEXUMIB PO3MIUPEHHS
poOodoro Tima B mapoBiid TypOiHI Ta epeKTHBHA YTHIII3AIlisl TEIUIOTH KOHJIEHCAITi
03BOJIAIOTE miABUIMTU cymapHuii KK/ ycranoBku 10 94%, 3a0e3neuyroun cTabijibHE
BUPOOHUIITBO MPICHOI BOJIM Ta €JIEKTPOCHEPTIi.

3HayHy yBary IpUIUICHO aHali3y KOHCTPYKIIA KOHTaKTHUX TETIOOOMIHHUKIB Y
cknaai HDH-cuctem. BeranoBieno, 1o HalMOMIMpeHIITUME 3BOJIOKYBaYaMH € arapaTu
3 MaKyBaJIbHHUMHM MarepiajamMu Ta 0apOOTakHI KOJOHM. Y3arajibHEHO IepeBaru Ta
HEJIOJIKM ICHYIOUMX KOHCTPYKIIM 3BOJjOXyBauiB. Orisia JdiTeparypu 3acBiIUUB
BIJICYTHICTh JOCTATHIX JaHUX IMOJO BTpAT THCKY TOBITPS ¥ BOIW, IO YCKIIAIHIOE
KOMIUIEKCHY OI[IHKY €()€KTUBHOCTI 3BOJIOKYBAUiB Ta iX EHEPreTHUHUX 1 EKCePreTUIHUX
noka3HukiB. Okpemoi yBaru norpeOye mHuTaHHS BHOOpPY MarepiaiiB, sKI MOBUHHI
MOEHYBATH KOPO31MHY CTIMKICTh J0 arpeCHUBHOIO CepefoBHINa (rapsyoro po3coiy) 3
HEOOX1THOI0O MEXaHIYHOI0 MIIHICTIO KOHCTPYKIUi. TakoX HEJOCTaTHRO BHUBUYECHUM
3aJIMIIAETHCS BIUIMB HECTAI[IOHAPHOTO TETJIOBOTO CTaHY €JIEMEHTIB 3BOJIOKyBada Ha ix
eKCIUTyaTallliHui pecypc Ta CTaOUIBbHICTh MPOIECIB TermaomMacooOMiny. JlocimimkeHHs,
BUKJIQJICHE Y I1H JUcepTallii, CPsIMOBAaHE Ha 3MEHIIICHHSI TUTOMOTO €HEPTOCIOKUBAHHS
KOHTaKTHUX 3BOJIOKYBayiB B XapaKTepPHUX YMOBaX poOOOTH TEPMIYHHX CHUCTEM
3HECOJICHHS BOJIH.

Po3gin 2 MICTUTP ONHUC KOHCTPYKIT EKCHNEPUMEHTANIbHOI YCTaHOBKH,
CIPOEKTOBAHOI Ta BUTOTOBJICHOI JISl JOCIHI/DKEHHS MPOIECY 3BOJOXKEHHS TMOBITPS.
OCHOBHMMH €J€MEHTaMH YCTAaHOBKHA € 3BOJIO)KYBad, BOJSHHUI HarpiBHHK, HAacocC,
BEHTWJISITOP, CHUCTEMA pEryJIOBaHHS Ta BUMIPIOBaHHS HapaMeTpiB. Y SKOCTI
3BOJIOKYBa4a BUKOPHUCTAHO IPO30PY aKpUJIOBY TPYOKY JOBKHMHOIO 2 M 1 BHYTPILIHIM
niamMetpom 26 MM. BuOip akpuiy sik KOHCTPYKUIMHOTO Marepiany 0OyMOBIEHHA HOTro
3/IaTHICTIO 3a0e3MnedyBaTu CTAOUTbHUN HANpPYXEHUH CTaH Ta PIBHOMIPHUW TEIUIOBUMI
CTaH CTIHKM 3aBASKM HU3bKIA TemtonpoBimHocTi. Ha BinmMiHy Big MarepiaiiB
0apOOTaAXKHUX 1 PO3MIIIOBAIBLHUX 3BOJIOKYBAYiB, aKpUJ JIEMOHCTPYE BHUIIY B’SI3KICTh
pyilHyBaHHS, IO MiHIMI3y€ PHU3MKHU 1HILIIOBAaHHA POCTY TPIIIMH Ta HAKOIMHYEHHS

BTOMHHUX ITOHIKOIKCHb B YMOBaxX 4aCTUX I_[I/IKJ'IiB ITyCKY Ta 3yIIMHKHU CUCTCMHU.
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JlJis MOHITOPUHTY TEMIIEpaTypH i BOJIOTOCTI MOBITPSl B PEKUMI peajbHOro 4acy
3aCTOCOBAHO KOHTPOJIbHO-BUMIPIOBAIbHY amapatypy kommanii «Regmik», mo mano
3MOTYy JIeTajJbHO aHai3yBaTH IWHAMIKY TEIJIOMAacOOOMIHY B MPOIECi 3BOJIOKEHHS
noBiTps. Po3poOiena cucremMa A03BOJISIE  3MIHIOBAaTH TEIJIOBE HABAHTAKCHHS
3BOJIOKYBaya, PEryJIlOBaTH BUTPATH BOJW Ta MOBITPSA ¥ 3/IHCHIOBATH CUCTEMATHUYHUN
30ip manux. Taka ycTaHOBKa Ja€ 3MOTY JOCIHIIKYBaTH €HEPreTUYHI XapaKTEePUCTHUKU
3BOJIOKYBaua y xapakrepHux 11 HDH-cucrem pexumax.

Po3po6ieno MeToauKy MpoBeNeHHS EKCIEPUMEHTIB, SIKa BKIIOYAE MPOIEAypU
300py Ta OOpOOKM JaHMX, a TaKOXX PO3PAaxXyHOK TEIUIOBOrO OajlaHCy MK BOJIOIO 1
MOBITPSIM 13 BUOKPEMJICHHSM YaCTOK IIPUXOBAHOI Ta SBHOIO TeIuoTH. [IpoBeneno anai3
NOXMOOK, 10 MOXYTh BUHUKATHU SIK Y TIPOIIEC] BUMIPIOBaHb, TakK 1 MiJl 4ac 00UMCICHHS
PO3PaxyHKOBHX MapaMeTpiB.

Y po3aijii 3 nociipKeHo peXUMHI apaMeTpu Ta €HEPreTUYH1 XapaKTEePUCTHKU
TpyOHOTO IIJIIBKOBOT'O 3BOJIOKYBada. HaBenaeHo kimacudikaliio pekuMiB Tedli BOASHOI
TUTIBKH Ta TOBITPS Y BEPTUKAIBHINA TPYOIli, a TAKOX OMHMCAHO MEXaHI3MU BUHUKHCHHS
3aTOIUICHHS. 3a3HaY€HO BIJCYTHICTh YITKUX MEX MEPEXO0/IiB BiJl OAHOTO PEXUMY Teuli 10
1HIIOTO Ta TOYHUX METO/IIB BU3HAYEHHS BTPAT TUCKY MOBITPS HIXKUE TOUKH 3aTOTLICHHS.

[IpoBeneHo Bi3yanbHY 11IeHTH(DIKALIII0 PEKUMIB TEUli B 3BOJI0KYBayl, BCTAHOBJICHO
rpaHWYHI 3HAYEHHS MAaCOBHX BUTPAT BOJAM 1 OBITPA, 32 AKUX BIOYBAETHCS MEPEXia Mk
pexumaMu. BusiBieHO, 0 3a MOBEPXHEBOI IIBUAKOCTI MoBiTps MeHie (.34, BTpatu
TUCKY 3a TOBITPSAM MOKHA JOCTOBIPHO BHU3HAYaTH 3a jaonomoror dopmynu lapci—
Beiicbaxa. 3ariponoHOBaHO OOMEXUTH MOBEPXHEBY MIBHJIKICTh MOBITPS B 3BOJIOKYBayl
no 0.34, mo no3Boisie MiHIMI3yBaTH BTpPAaTH THUCKY Ta YHHKHYTH 3a0pyIHEHHS
KOH/ICHCATy KpaIlJIIMU COJIOHOT BOJIH.

ExcriepyMeHTanbHO BCTAHOBJIEHO MIHIMaJbHE 3HAYEHHS MAacOBOI BUTPATH BOJH,
HEOOXIHE Il MIATPUMaHHSA Oe3MepepBHOIO MpOTiKaHHA IUNBKA. OOIpyHTOBAHO
JOIIJIBLHICTh BUKOPUCTAHHSI MIHIMAJIBHOTO CITIBBIHOIIIEHHS MacOBUX BUTpAT BOAM JI0
noBiTps MR =2. 3a Takux yMOB 3a0e3MeuyeThCsi MakCUMalibHa €(QEKTUBHICTh
TEMJI0MacooOMiHy Ta epexkTuBHA poOOTa 3BOJIOKYBayYa.

BcTanoBneHo BIUIMB TeMIIepaTypy BOJIM Ha BXO/I1 0 3BOJIOKYBaya (B J1arma3oH1 10

60 °C) Ha I1HTEHCUBHICTh NpPOLECIB TerioMacooOMiny. [lokazaHo, 110 MiABUIICHHS
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TEMIEPATypyu MPU3BOIUTH A0 3POCTaHHS MPOAYKTHBHOCTI 3BOJIOKyBada Ta BUXIIHOT
TeMreparypyu TMoBiTpsA. TepMoAMHAMIYHMM aHaji3 BUSBUB, IO 31 301JIBIICHHAM
TEMIEPATYPHOTO HAMOpPy €(PEKTUBHICTh 3BOJIOKEHHS 3HUKYETHCS UYepe3 3pOCTaHHS
HE3BOPOTHOCTI TMporieciB, BogHo4yac ekceprernunuii KKJI 3anummaerbess mocTidHUM
(#mun=0,58). Otpumani pe3ynbTaTH MIATBEPKYIOTh EHEPreTUYHy JOILUIBHICTD
3aMpONOHOBAHUX PEKUMIB POOOTH 3BOJIOKYBaya.

BaxxnuBum pe3ynbTaToM eKCIUTyaTaliiHUX BUNPOOYBaHb € MIATBEPAKEHHS
CTIHKOCTI KOHCTPYKIIIHHOTO Martepiady 3BOJIOKyBada. Y JOCIIIKYBAaHOMY Jiama3oHi
PEKUMHUX MapaMeTpiB HE BUSBJICHO O3HAK TEPMIUHOI Aedopmallii, TOMYTHIHHS aKpHITy
abo 1HIIIIOBaHHS pocTy TpimuH. Lle cBimuuTh mpo Te, mo podoul IMUKIM HarpiBy-
OXOJIO/KCHHS HE TPU3BOAATH 10 KPUTUYHUX 3MIH HAIMPYKEHOTO CTaHy CTIHKH TpyOu Ta
HAKOMWYEHHS BTOMHUX TIOMIKO[’KEHb, TAPAHTYIOYH JIOBTOBIYHICTh KOHCTPYKIIIi.

Y po3snainai 4 po3po0eHO TepMOJIUHAMIYHY MOJIENb TUTIBKOBOIO 3BOJIOKYBada Ha
OCHOBI PIBHAHBb TeIioMacooOMiHy. IIpoBeaeHo Bamijaimito Mol Ha OCHOBI
eKCIIEPUMEHTAJIbHUX JaHUX. 3allPOIIOHOBAHO HOBI CIIPOIIEHI eMIipuyHi hopMynu AJis
BU3HAYCHHS KOE(IIMIEHTIB TEIIO- 1 MacoBigadl y IUTIBKOBUX 3BOJIOKYyBaudax 3a
pexxumHauX mapameTpiB HDH-cuctem. Po3po6iieHo MeTo 1 po3paxyHKYy, KU MOKe OyTH
BUKOPUCTAHO Jisi 1HXKEHEPHOTO TPOEKTYBAHHS IUIIBKOBUX 3BOJIOKYBauiB, TEXHIKO-
eKOHOMIYHOTO aHali3y Ta ONTUMI3alii peKUMiB IXHBOT pOOOTH B TEPMIUHUX CHCTEMax
OTIPICHCHHS BOJIH.

[IpoBeneno MojenoBaHHS poOOOTH ITUTIBKOBOIO 3BOJIOKYBaua. Bu3HaueHo
ONTHUMAaJIbHI TEOMETPUYHI PO3MipU TPYOHOTO ITIBKOBOTO 3BOJIOKYBaya: aiametp d = 50
MM Ta BucoTa [ = 1 M. 3a Takux mapaMmeTpiB 00’€M 3BOJIOKyBada BHUKOPHCTOBYETHCS
MaKCUMaJIbHO €(EKTUBHO, IO JIO3BOJISIE JIOCATTH BHUCOKOT TMPOIYKTUBHOCTI 3a
HaWHIKYUX BUTPAT TEIUIOBOI Ta €IEKTPUYHOI €HEPrii.

Kpim Toro, mpoaHasi3oBaHO BIUTUB IMapaMeTpiB 30BHINIHHOTO MOBITPS HA Ha
eKCIUTyaTalliiiHI XapaKTepUCTHKH IUTIBKOBOTO 3BOJIOKyBada. BcTaHOBIEHO, M0
POJYKTUBHICTh arapaTta Maibke He 3aJIeKHUTh BiJl TEMIEpaTypu 30BHIITHBOTO MOBITPA,
IpPOTE€ CYTTEBO 3HIKYETHCA 31 3POCTAHHAM HOT0 BIIHOCHOI BOJIOTOCTI BHACIIIOK
3MEHIIICHHSI TOTEHIialy MacolepeHocy. BomgHodac moka3aHo, MO0 KOEQIIi€HT

eHepretnyHoi edektuBHOCTI (GOR) nmeMoHCTpye He3Ha4He 3pOCTaHHS y pasi
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HiABUIICHHA 000X KIIMaTHYHUX mapaMmerpiB. Lleil epekT MOsSCHI0EThCS 3HMKEHHIM
I'YCTHHHU BOJIOTOTO MOBITPS Ta, BIAMOBIHO, 3SMEHIIEHHSIM MacOBOi BUTPATH MOBITPS, 1110
PU3BOJUTH J0 3HWKEHHS 3arajIbHOTO TETJIOBOTO HABAaHTAKEHHS Ha 3BOJIOXKYBAaY.

Y r1m’aroMmy Ppo3gii TpoBeACHO TOPIBHAHHSA EHEPreTHYHUX IMOKa3HHKIB
JOCIIJIKYBAHOTO TUTIBKOBOTO 3BOJIOKYBaua 3 IHIIMMHU MOUIUPEHUMH KOHCTPYKIIISMH.
Hageneno onuc pi3HUX THUIIB MaKyBajJbHOTO MaTepiaiy, Kl HIMPOKO 3aCTOCOBYIOTHCS Y
HDH-cuctemax. [IpeacraBneHo peXuMHI mapaMeTpu Ta €HEPreTHUYHI XapaKTePUCTHUKU
3BOJIOXKYBAUIB, 5IK1 0yJ10 00paHo /I MOPIBHSHHS.

[IpoanamizoBaHo BIUIMB Koe(]illi€eHTa CIIBBIAHOIIEHHS MAacOBHX BHUTpPAT BOIU 1
noBiTpss (MR) Ha 1HTEHCHBHICTH BUIIAPOBYBAaHHS, TEPMOIMHAMIYHY €(QEKTUBHICTh Ta
aepoJMHAMIYHUH OIip MOBITPs. BecTaHOBIIEHO, IO Y XapaKTEPHOMY ISl T€T10TEPMIYHUX
cuctem aianazoni temnepatyp (30—60 °C) 3nauenns ER s m1iBKOBOTO 3BOJIOKYBada
nocsiraroth 200-800 kr/(m*-Toxa), IO Ha TMOPSIOK BHINE 3a TMOKA3HUKH CHCTEM 13
LETI0JI03HUMU HacaJKaMHu, KUIbLsIMU Parnra abo pucoBoio TpaBoro.

OxpemMo OOTrpyHTOBaHO TiJpaBiiuHI TIEPEeBard pPO3POOJICHOTO 3BOJIOKYBaya:
BIJICYTHICTh (DOPCYHOK JIJIsl PO3MUJICHHS BOJIM JIO3BOJISIE CTBOPIOBATH POOOYMU HAmip
BUKJIIOUHO 3a PaxyHOK IeoMeTpuyHOi BHUCOTH TpyOku. lle 3abe3medye MiHIMabHI
TipaBaidyHl BTpPaTH Ha CTOPOHI PIAMHHU TOPIBHSHO 3 HACAIKOBUMHU aHAJIOTaMH, JIe
BUTpPATU €HEPrii Ha MOAOJIAHHS OMOPY PO3MIIIOBAYIB € 3HAYHUMH.

[IponemoHcTpOBaHO, IO TUTIBKOBHI 3BOJIOXKYBau 3abe3medye HaWBHUILY
IHTCGHCUBHICTh BHITAPOBYBAHHS CepeJl yCIX THUIIIB 3BOJIOKYBadiB. BoaHouac ioro
aepoJMHAMIYHUM Ta TIApaBIIYHUNA OMmip € MiHIMaIbHUM. BcTaHoBieHo, 11O
BUKOPHCTAHHSA  IUTIBKOBOTO  3BOJIOXKYBaua  JO3BOJIIE  3HU3UTH  CIIOKMBAHHS
enektpoeneprii B HDH-cucremi 6e3 noripiieHHs ii npoayKTUBHOCTI.

Martepiaau quceprailii Ta pe3yJbTaTH J0CTi/KeHb BIPOBAIKEHO B KOMIIaH1IX
China Hydrogen Energy Group Co., Ltd. Ta Liaoning Hongsheng Environmental
Solutions Technology Co., Ltd.

Ku104oBi c10Ba: BITHOBJIIOBaHA €HEPreTHKa, BTPATH TUCKY, NBO(a3HUN TOTIK,
exosioriyHa Oe3neka, eHeproedeKTUBHICTh, MaTeMaTUYHa MOJIeNb, OIPICHIOBAJIbHA
YCTAaHOBKA, PO3JAUICHHS, CTIYHI BOJM, TEMIEpPaTypHUN TpaJl€HT, TEIUIOBUM CTaH,

TEIJI000MIHHUK, Teryionepeaaya, TypOiHa, UUPKYJISLiAHE TOBITPS.
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LIST OF SYMBOLS AND ABBREVIATIONS

Symbols:

¢, — specific heat capacity, J/(kg-K)

D — diffusion coefficient of water vapour into air, m%/s
d — humidifier inner diameter, m

E —exergy, W.

f— frictional factor

Fum —humidifier interphase surface area (= mdl), m?
J — diffusion flux, kg/(m?-s)

j — superficial phase velocity

h — specific enthalpy, J/kg

heon — convective heat transfer coefficient, W/(m?-K)
hs — mass transfer coefficient, m/s

h,; — latent heat of water, J/kg

m — mass flow rate, kg/s

M, — molar air mass (=28.96), g/mol;

M, — water vapor molar mass (=18.02), g/mol

N —power, W

Nu — Nusselt number

Pr — Prandtl number

Prar — partial pressure of water vapor in moist air, Pa
O — heat transferred, W

R, — air gas constant (=287.2), J/(xr-K);

R, — water vapor gas constant (=461.53), J/(xr-K);
Re, — Reynolds number of moist air (= wg ;,d /v,)
Res— film Reynolds number (= 4T'/u,)

s — entropy, J/(kg-K)

Sc, — Schmidt number of moist air (= v, /D)

Sh — Sherwood number

16
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t — temperature, °C
teaver — average temperature of moist air in a humidifier (= 0.5[tg in + taoutl), K
V — volume, m>.
w — velocity, m/s

[ —length, m

Greek Letters:
I'—mass flow rate per unit perimeter, (=m, / [ﬂd ] ), kg/(m s)

AP — pressure drop, Pa/m

AT — mean logarithmic temperature difference in humidifier,

(: (tw,out - Z‘a,in ) - (tw,in - ta,out ) ), K
l]’l (tw,out - ta,in )

(tw,in - ta,out)
Aw — mass flow rate of moisture transferred from hot water to air, kg/s
¢ — exergetic efficiency
n — effectiveness
A — thermal conductivity, W/(m-K)
1 — dynamic viscosity, [Pa-s]
p — density. kg/m?
v — kinematic viscosity, m?/s
¢ — relative humidity of air

o —humidity ratio of air, kg water/kg dry air

Sub- and superscripts
a — moist air

con — convective

calc — calculated

evap — evaporation

exp — experimental



hmt — heat and mass transfer
hum — humidifier

id — ideal

in — humidifier inlet

out — humidifier outlet

v — water vapor

w — water

Abbreviations:

ABS — Acrylonitrile Butadiene Styrene

ER — evaporation rate per unit humidifier volume
GOR - gain output ratio

HDH — humidification-dehumidification
HDH-PWR — humidification-dehumidification and power cycle
MD — membrane distillation

MR — mass flow rate ratio

ORC — organic Rankine cycle

PVC — polyvinyl chloride

SEC — specific energy consumption

SD — solar distiller

RO — reverse osmosis
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INTRODUCTION

Relevance of the Work. In the near future, the rapid growth of the global
population and the pollution of freshwater sources by industrial waste are expected to
lead to a global freshwater shortage. Identifying new sources of freshwater is essential to
overcoming this threat. Considering that seawater accounts for 97% of the world’s water
resources, desalination technologies represent one of the most effective solutions to
address freshwater scarcity — particularly in coastal and offshore island regions.

Currently, the development of decentralized and small-scale freshwater production
solutions is especially relevant. These solutions are suitable for remote communities that
lack access to electricity or centralized water distribution networks. One of the most
promising in this context is seawater desalination based on the humidification-
dehumidification (HDH) process. This method offers several advantages, including
moderate operating temperatures, atmospheric pressure operation, simple system design,
and low capital operating costs. However, existing HDH systems still consume significant
amounts of thermal and electrical energy to remove the salts from seawater.

By addressing the limitations of the previous research and providing
comprehensive experimental data on the hydrodynamics and heat and mass transfer
processes during air humidification, this study contributes to the development of energy-
efficient film humidifiers for small-scale HDH systems. The results are expected to play
a key role in optimizing HDH system performance for minimal energy consumption,
thereby improving overall system efficiency and enabling operation based entirely on
renewable energy sources.

Connection of work with research programmes, plans, and topics.

The topic of the dissertation aligns with the priority areas of scientific and
technological development and innovation activity — namely, “Energy and Energy
Efficiency” and “Rational Use of Natural Resources” — as outlined in the Law of Ukraine
“On Amendments to Certain Laws of Ukraine on Priority Areas of Science and
Technology Development and Innovation” dated December 21, 2023. The research

focuses on the investigation of hydrodynamic, heat and mass transfer processes during
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air humidification in direct contact heat exchangers. It is aimed at increasing the
efficiency of seawater and brackish water desalination.

Some materials of the dissertation research were part of the study programs and
projects which were implemented at the Department of Heat and Alternative Power
Engineering of the National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute”, including:

e Development and preparation of innovative distillers for the concentration of

thermosensitive solutions (state registration number 0121U110195);

e Development and manufacture of a mass-exchange centrifugal distiller for the
recovery of drinking water in extreme conditions (state registration number
0123U101994).

Aim and objectives of the research.

This research aims to enhance the performance of thermal water desalination
systems based on the humidification-dehumidification (HDH) cycle by reducing the
specific energy consumption of direct contact humidifiers.

Following the aim, the main objectives of the research are as follows:

1. To analyze the existing designs of direct contact heat exchangers used in HDH
systems, identify their advantages and limitations, and evaluate and compare the energy
efficiency indicators of various types of humidifiers.

2. To experimentally investigate the hydrodynamics and heat and mass transfer
during air humidification in a tube contact heat exchanger under typical operating
conditions of HDH system:s.

3.Based on the analysis of the research results, determine the geometric
dimensions of the setup and the air and water flow rates to obtain the maximum
performance and energy efficiency of the HDH system.

4. To develop a model for calculating a tube contact heat exchanger when used as
a humidifier in a thermal water desalination system.

5. To compare the efficiency of a tube film heat exchanger with other common

humidifier designs.
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Object of the research: the air humidification process in a film-type direct contact
heat exchanger under typical operating conditions of thermal desalination systems.

Subject of the research: the influence of operating parameters of thermal
desalination systems on the energy performance of direct contact humidifiers.

Methods of the research.

The scientific and methodological basis of the study includes experimental
methods, mathematical and thermodynamic modeling, as well as methods of analysis and
comparison. Experimental and theoretical results were processed using application
software packages such as Mathcad and Microsoft Excel.

The scientific novelty of the results is as follows:

1. New experimental data on hydrodynamics and heat and mass transfer during air
humidification, obtained over a wide range of changes in the main operating parameters
of HDH systems, have been obtained, which expanded the possibilities of analyzing the
influence of air velocity, water flow rate, and water temperature on the energy
performance characteristics of a film humidifier.

2. For the first time, the limiting value of superficial air velocity has been
experimentally substantiated, ensuring intensive heat and mass transfer without transition
to the “flooding” regime and droplet contamination of the distillate. This made it possible
to achieve the lowest pressure losses and maintain stable, efficient operation of the film
humidifier.

3. For the first time, the minimum value of the mass flow rate coefficient required
to ensure continuous flow of the liquid film has been experimentally determined. This
finding enables the prevention of a sharp decrease in the efficiency of heat and mass
transfer, and ensures optimal humidification performance with minimal energy
consumption.

Practical values of the research findings.

1. The main shortcomings of the most common types of humidifiers used in thermal
desalination systems have been identified, namely: high specific electricity consumption,

significant aerodynamic resistance, and lack of data on water pressure losses. All of this
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complicates the comprehensive analysis of existing humidifier designs, making it
impossible to determine their economic and exergy efficiency.

2. Based on the experimental data obtained, an engineering calculation method for
a film-type contact humidifier has been developed. This method can be used for
engineering design of film humidifiers, techno-economic analysis, and optimization of
their operating modes in water desalination, air conditioning, or heat recovery systems.

3. It has been proven that the use of a film contact heat exchanger will lead to a
reduction in electricity consumption required for water and air circulation in the HDH
system without degrading its performance.

The results of the dissertation research have been tested at China Hydrogen Energy
Group Co., Ltd. and Liaoning Hongsheng Environmental Solutions Technology Co., Ltd.

Personal contribution of the author.

The scientific results presented in this dissertation have been obtained by the author
and include the following contributions:

e development of the experimental setup;

e formulation of experimental procedures and data processing techniques;

e processing, analysis, interpretation, and generalization of the experimental
results;

e development of a thermodynamic model and a calculation method for the film
humidifier.

The dissertation was performed at the Department of Heat and Alternative Power
Engineering of the Educational and Scientific Institute of Nuclear and Thermal Energy at
the National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
under the scientific supervision of Volodymyr Sereda, Candidate of Science
(Engineering), Associate Professor.

Approval of dissertation results.

The materials of the dissertation were reported and discussed at the following
conferences: 18" International Conference of Young Scientists on Energy Issues
(Lithuania, Kaunas, May 24-27, 2022), XX International Scientific and Practical

Conference of Young Scientists and Students “Modern Problems of Scientific Support
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for Energy” (Ukraine, Kyiv, April 25-28, 2023), XXII International Scientific and
Practical Conference of Young Scientists and Students “Modern Problems of Scientific
Support for Energy” (Ukraine, Kyiv, April 22-25, 2025).

Publications. The main results of the dissertation were published in six scientific
publications, including three journal articles (one of which is SCOPUS (Q2) and Web of
Science (Q2) indexed, another is published in a professional journal of Ukraine of
Category B), and three conference papers.

Structure and scope of work. The dissertation consists of an introduction, five
chapters, three appendixes, and a list of references comprising 83 sources. The total

volume of the work 1s 136 pages, including 78 figures and 19 tables.
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CHAPTER 1. REVIEW OF CONTACT HUMIDIFIER DESIGNS IN THERMAL
WATER DESALINATION SYSTEMS

1.1. Problems of Supplying Clean Drinking Water in China

At present, the shortage of fresh water is one of the key global issues threatening
socio-economic stability and ecological balance in many regions of the world. With
population growth, rapid urbanization, and climate change, the demand for fresh water is
constantly increasing, while available natural resources remain limited [1].

In 2024, the United Nations included China among the 13 countries in the world
facing the most severe water shortages. According to the latest statistics covering 149
countries and regions, China ranked 110™ globally in terms of per capita water resources.
This acute shortage is especially pronounced in urban areas, where the number of
residents living in water-scarce regions significantly exceeds that of other countries,
highlighting the scale and urgency of China’s water crisis. The population inhabiting
water-deficient areas has reached 160 million, accounting for 21% of the global
population residing in water-scarce areas. Out of 669 cities in China, 400 suffer from
insufficient water supply, and 110 face severe water scarcity, which amounts to 16 million
cubic meters daily. The total freshwater resources in China amount to approximately
2.8 trillion m>. In terms of per capita water availability, the country ranks 88" globally
[2]. In China, a rapidly urbanizing country, about 300 million people lack access to clean
drinking water, and nearly 90% of coastal cities experience water shortage [3]. Annual
industrial and economic losses caused by water shortages exceed 230 billion yuan. The
country’s total water consumption has increased from over 500 billion cubic meters in
the past to approximately 800 billion cubic meters, accounting for more than 28% of its
available water resources [4]. According to international experience, when a country’s
water consumption exceeds 20% of its available water resources, it is highly likely to face
a water crisis.

Water resources in China are extremely unevenly distributed. The southern part of

the country is rich in water resources, whereas the northern and western regions suffer
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from acute water shortages. In the Yellow River basin and the North China Plain, there is
a huge demand for water from both agriculture and cities, while local water resources are
limited. This leads to excessive groundwater extraction, land subsidence, and ecological
problems. Furthermore, the eastern coastal areas of China, which are important economic
and agricultural centers, are constrained in their development by the lack of water [5].

According to the study [6], 67 out of 131 major lakes in China have reached a state
of eutrophication. The eutrophication of lakes and reservoirs has significantly
deteriorated water quality in nearby cities, seriously affecting the health and well-being
of residents. Moreover, urban rivers have been blocked, the water levels in lakes and
reservoirs have declined, and the availability of land and water resources for ecological
purposes has been restricted. For instance, in Shenzen, there have been cases of
unauthorized encroachment on reservoir management boundaries and the occupation of
lands allocated for water-related ecological functions [6].

An analysis in [7] estimates China’s total water shortage at approximately 300-400
mln. m?, assuming current average demand is met without overexploitation of
groundwater. The economic losses caused by water scarcity exceed those from flooding
[8]. In many regions of China, this shortage has led to intense competition for water
between industry and agriculture, and between urban and rural areas.

For a long time, the water scarcity problem has been underestimated. Many have
assumed that water resources, as public property, should be used freely or at a very low
cost [9]. As a result, while there is a clear shortage of water resources, wasteful practices
remain widespread. For example, although China is a major agricultural country,
agriculture accounts for 61% of national water consumption, yet the utilization efficiency
is only around 40%. In contrast, developed countries typically achieve utilization rates of
70% to 80% [10].

Laws and regulations regarding water resource recycling in China remain
imperfect. Existing legislation includes the Water Law of the People’s Republic of China,
the Law on Prevention and Control of Water Pollution, and the Environmental Protection
Law [11]. However, current regulations are incomplete, sector-specific standards are

lacking, and many laws are outdated, which complicates the effective management of
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freshwater use. For instance, the Law on Promoting Circular Economy, adopted in August
2018, only encouraged industrial enterprises to implement advanced water-saving
technologies and equipment to fulfil water conservation plans and strengthen water
management aimed at emission reduction, but it did not provide specific provisions on
water resource recycling.

Effective water resource recycling cannot be separated from the support of
advanced technologies, such as water saving, wastewater treatment, seawater
desalination, reuse of treated water, and rainwater harvesting. The development of these
technologies in China significantly lags behind the leading international standards. As a
result, operational costs for using and recycling water resources remain very high [12].
Small and medium-sized enterprises tend to avoid adopting wastewater treatment
technologies, which limits economic development. A large volume of domestic and
industrial wastewater is directly discharged into rivers, lakes, and reservoirs without
treatment, causing severe pollution. Furthermore, the construction of urban wastewater
treatment facilities is seriously lagging, with nearly 10% of cities lacking any treatment
plants [13]. Some existing treatment facilities are either inefficient or non-operational,
leading to ineffective wastewater treatment. The coefficient of direct reuse of urban
wastewater in China is less than 30% [14]. Many water supply projects face issues related
to aging infrastructure and emergency conditions, with occasional damages and leaks
resulting in significant water losses.

Given the critical need to enhance water treatment and recycling technologies,
seawater desalination emerges as a vital and complex solution. This technology involves
marine science, information technology, chemical and energy industries, employing new
materials, along with other disciplines. Desalination can play an important role in the
fields of electronics, power generation, bioengineering, medicine (therapy), chemical
industry, and environmental protection. As a key component of the circular economy and
clean production, seawater desalination technologies will stimulate related industries to
increase annual production value by tens of billions of euros and bring significant

economic, social, and environmental benefits.
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The technology of water desalination emerged between the 1950s and 1960s.
Initially, it was used on ships and islands. With the continuous advancement of
technology and the expansion of freshwater-scarce regions, seawater desalination was
gradually introduced and applied on vessels. Countries have attached great importance to
it and progressively started to implement it in industrial and civil sectors.

Desalination is a technical process that removes salt and other impurities from
seawater through chemical or physical methods to obtain fresh water. After decades of
technological development, modern seawater desalination technologies used for
international commercial purposes can be divided into two categories: industrial (large-
scale) and decentralized (small-scale) desalination.

The development of small-scale seawater desalination is an important means of
increasing water reserves and optimizing the water supply structure in China. Small-scale
desalination is suitable for small communities with a freshwater demand of less than 20
cubic meters per day. Renewable energy sources can be used for small desalination
systems in remote communities, which helps minimize transportation costs. In addition,
local or decentralized desalination methods are appropriate for small factories,
laboratories, and emergencies. However, the cost of producing fresh water in
decentralized desalination systems is higher than in large-scale systems [1].

Thus, decentralized seawater desalination is of great importance for alleviating
water resource constraints in coastal areas and offshore islands, and for ensuring the

sustainable development of China’s economy and society.

1.2. Small-Scale Desalination Systems

In China, the promotion of small-scale desalination systems can effectively address
water shortages, reduce the use of groundwater, support local economic and
environmental protection, and contribute to sustainable development. Small-scale
desalination technologies include solar distillers, membrane systems, reverse osmosis,

and humidification-dehumidification units [1]. These technologies often use both
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renewable energy (particularly solar energy) and secondary energy sources (waste heat).

Let us consider the advantages and disadvantages of small-scale desalination systems.
1.2.1. Solar Distillers

A solar distiller (SD) has a simple design (Fig. 1.1). Brackish or seawater
evaporates in a container under direct solar radiation, which passes through transparent
glass or plastic. The evaporated water then condenses and flows from the top of the
distiller to the sides of the container, where it can be collected. The resulting fresh water

is of high quality, as microorganisms and salts remain in the tank [15].
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Fig 1.1. Diagram of a solar distiller [15].

SD were extensively studied in [15-21]. It was established that the performance of
such a system is influenced by various operating parameters, including the intensity of
solar radiation, water level, ambient temperature, type of glass, tilt angle and thickness of
the cover, and wind speed. Even under ideal operating conditions, a solar distiller has an
efficiency of less than 45%, with a maximum daily output of five liters of fresh water per
square meter [21].

The primary reason for the low efficiency of a SD is the loss of latent heat of water

vapor condensation on the glass cover [16, 17]. A SD with low productivity cannot
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economically compete with other desalination methods. However, due to the low demand
for fresh water, a solar distiller, as a small-scale desalination system, remains competitive.

Single-stage SDs have not been widely adopted because of their low productivity.
The tilt angle of the glass cover depends on the latitude of the solar distiller’s location
[18]. The optimal tilt angle is determined by the intensity of solar radiation and the
average variation of the azimuth angle [19, 20]. A thicker glass cover with lower thermal
conductivity can reduce heat transfer. Lowering the temperature of the cover increases
the production of fresh water [21].

Overall, the solar distillation apparatus has the lowest thermal efficiency among
thermal desalination systems. Nevertheless, its thermal efficiency can be improved using

various active and passive methods [15-18].
1.2.2. Membrane Systems

Membrane distillation (MD) is a new technology that combines the advantages of
thermal and membrane desalination. Membranes have significant advantages, including
a simple operation process, a high salt rejection, and a compact design. There are studies
focused on improving the energy efficiency and freshwater production by integrating

membranes with solar collectors [22-28].
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Fig. 1.2. Schematic diagram of the membrane distillation [23].
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A schematic diagram of membrane distillation is shown in Fig. 1.2. Typically, a
microporous membrane serves as a physical barrier separating the heated saline water
from the cooler chamber. Due to the non-isothermal nature of the process, vapor
molecules move from the chamber with higher water vapor pressure to the chamber with
lower water vapor pressure (from the warmer side to the cooler side) through the
membrane pores.

Overall, the mechanism of distillate transfer in MD can be divided into the
following stages [24];

e cvaporation of water from the heated side of the membrane;

e transport of water vapor through the non-wetted pores;

e condensation of the transferred water vapor on the permeate side of the
membrane.

MD systems can achieve a high water recovery rate from water with high salinity
and are suitable for small-scale and domestic applications [22, 23]. Membranes require
low-grade thermal energy (from 30 to 90°C), which can be provided by solar radiation
[25, 26]. Photovoltaic panels can also supply the necessary power for the MD operation
[27]. The MD advantages include the following: no need for pretreatment of saline water;
low operating temperature; capability of desalinating high-salinity water; and potential
integration with solar energy [24-28]. However, MD systems also have disadvantages,
such as high capital costs, the need for a large membrane surface area, membrane wetting,

and low durability [22, 23, 25, 27].

1.2.3. Reverse Osmosis

Reverse osmosis (RO) is a process in which a solvent passes through a semi-
permeable membrane into a solution with a high concentration of solute. This process
equalizes the solute concentrations on both sides of the membrane. RO uses pressure as
the driving force to overcome the osmotic pressure of the saline solution.

A RO system consists of four main components: a pretreatment system, a high-

pressure pump, a membrane unit, and a post-treatment system (Fig. 1.3). Pretreatment is
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very important, as the membrane surface must be kept clean. All suspended solids and
microbial bacteria need to be removed. High-pressure pumps provide pressure in the
range of 1 to 7 MPa. The pressure forces clean water through the membrane while salts
are retained and removed. Post-treatment includes stabilizing the water quality by

adjusting the pH and disinfecting the water [29].
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Fig. 1.3. Schematic of the reverse osmosis desalination system [29]

The advantages of reverse osmosis include continuous operation (24 hours a day),
high water flow rate with a new membrane, high water recovery rate, salt removal
efficiency of up to 99.5%, and low energy consumption (=6 kWh/m?®) [30-35]. The
disadvantages include the need for additional pretreatment, since pesticides, herbicides,
and chlorine have smaller molecules than water and may pass through the membrane;
removal of natural minerals; and high water loss through the system [34, 35].

The major limiting factor for the widespread adoption of reverse osmosis in China
is its high cost and the technical requirements for concentrate pretreatment [34]. In
addition, the RO process is sensitive to the temperature of the feed seawater. The
acceptable temperature range for seawater is from 15°C to 35°C in the northern offshore
areas (such as the Bohai Bay). Low water temperature requires additional measures to be

taken to raise it. As a result, the cost of RO desalination increases [34].
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1.2.4. Air Humidification-Dehumidification (HDH) Cycle

Desalination through humidification-dehumidification (HDH) is a thermal cycle
that functions similarly to the natural water cycle. The core principle of the HDH cycle is
comparable to that of solar distillers. However, in solar distillers, during condensation,
all the latent heat of water evaporation is lost to the environment, leading to low thermal
efficiency. The HDH cycle enhances this process by separating evaporation and
condensation into different devices. This enables the recovery of the latent heat of
evaporation and its reuse for heating [33-36].

An HDH system (Fig. 1.4) primarily consists of two heat exchangers — a humidifier

and a dehumidifier — connected at the top to enable air circulation.
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Fig. 1.4. Schematic diagram of the HDH thermal desalination system [37]

The purpose of the dehumidifier is to condense moisture from the air to obtain the
required amount of fresh water. Dehumidifiers are mostly surface-type recuperative heat
exchangers, typically with coil configurations or finned surfaces on the air side. The
required heat exchange surface area of the dehumidifiers is determined based on the
condition that all water vapor absorbed in the humidifier must be condensed from the

air [38].



33

A humidifier is a contact heat and mass exchange device in which moisture from
saline water evaporates into the air. The productivity of an HDH system is defined by the
amount of water vapor absorbed by the air in the humidifier [38].

The advantages of HDH systems include high flexibility, low operating and
maintenance costs, and suitability for remote areas. To improve the system efficiency,
various types of renewable energy can be used [39, 40]. However, there are also
disadvantages such as significant energy consumption and the need to establish an
optimal water-to-air mass flow ratio for effective operation [40, 41].

An HDH technology has significant potential for implementation in remote and
impoverished regions of China. The major limiting factor here is a high thermal energy
demand. Therefore, improving the energy efficiency of HDH systems is considered one

of the most promising directions for experimental research.

1.2.5. Combination of humidification-dehumidification and power cycles

Combined desalination and power systems (HDH-PWR), driven by low-
temperature heat sources (renewables and waste heat), can play a crucial role in meeting
the need for freshwater and energy, as well as in decreasing environmental pollutions [39].
To provide water and electricity, much attention has been paid to HDH-PWR systems
due to their promising advantages compared to power systems integrated with RO units
[40].

Heretofore, numerous theoretical studies have been conducted on HDH-PWR
systems in which various configurations of HDH and power cycles were used. He et al.
[41] studied an HDH-ORC system (Fig. 1.5) in which the hot brine from HDH cycle was
used as the heat source of the organic rankine cycle (ORC). It was shown that the
regulation of operating parameters of the HDH cycle i.e. the temperature of inlet water to
the humidifier can maximize the performance of the cycle.

In a similar investigation [42] the possibility of using the condenser of ORC as the
air heater of HDH cycle was studied from a thermodynamic standpoint (Fig. 1.6). It was

concluded that a decrease in pinch temperature of the condenser of the ORC led to an
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increase in freshwater productivity. In continuation of their study, He et al. [43] coupled
an air-heated HDH cycle with an ORC (Fig. 1.7). In order to boost the performance of the
ORC, the discharged brine entering the evaporator was reheated inside the boiler. It was
illustrated that there was an optimum for a mass flow rate of saline water to air in which

yield, GOR and efficiency reached the maximum level.
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Fig. 1.7. Integration of an air-heated HDH cycle with ORC [43].

A comprehensive thermoeconomic investigation was conducted on the
combination of a regenerative ORC with HDH system powered by geothermal water [44].
As it can be seen in Fig. 1.8, direct contact de- humidifier was used as opposed to
conventional dehumidifiers in HDH cycles. The findings showed that the vapor generator
of the ORC cycle exhibited the maximum irreversibility. Furthermore, increasing the
evaporation temperature of the ORC was advantageous both for the thermodynamic

performance and the relevant cost.
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Several investigations conducted on HDH systems have reported widely varying
values of freshwater yield, generated power and thermal efficiency of the combined
systems. It can be seen that the diverse data reported by different authors have been
hugely affected by various criteria, including configurations of HDH cycles, types of
power cycles, heat source temperatures, etc. It is evident that the thermal efficiency of the
power/water cycles varied hugely between 31.19% and 94.86% based on various working
conditions. It is observed that the combination of air-heated HDH cycles with ORC,
having the priority of air-heated HDH cycles to water-heated ones, led to the highest value
of thermal efficiency [43]. However, this highest value of thermal efficiency obtained by
[43] should be considered according to its heat source temperature, which is not reported
in this investigation. It is worth mentioning that except for one mentioned study [40], cost

of freshwater has not been investigated in other researches.

1.3. Overview of Contact Humidifier Designs

Various types of contact heat exchangers are used to humidify air in HDH system:s,
including spray towers, bubblers, and packed bed columns [45]. All these devices operate
on the same principle. During the contact of water with air, water vapor diffuses into the
air, increasing its humidity. The driving force for this diffusion process is the difference
in concentration between the water-air interface and the water vapor in the air. This
concentration difference depends on the vapor pressure at the water-air interface and the
partial pressure of water vapor in the air.

Kebeel et al. [48] studied an HDH system with an open water loop and a closed air
loop (Fig. 1.9). Saline water was heated in a solar collector before entering the humidifier,
which was made of galvanized steel with a thickness of 1.5 mm, a rectangular cross-
sectional area of 50x80 cm?, and a height of 200 cm. Two types of cellulose paper were
used as packing material (Fig. 1.9). The first consisted of ten sheets, each measuring
80x50x10 c¢cm?, with openings in the shape of equilateral triangles with 5 mm sides. In

the second variant, the side length of the triangle was 7 mm. The specific surface area of
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the packing material was 2800 m?/m>, and the total heat and mass transfer surface area

was 8 m? for the 5 mm cellulose and 6.8 m? for the 7 mm cellulose.
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Fig. 1.9. Schematic of the HDH system with cellulose paper [48]

The authors [48] primarily focused on identifying the advantages of different types
of packing materials and comparing natural (free) air circulation with three types of forced
circulation (one fan at the bottom of the humidifier, one at the top, and two fans at the
bottom and the top). Additionally, the researchers assessed the ratio of the cold water flow
at the inlet of the dehumidifier to the hot water flow at the inlet of the humidifier (C/H).
The saline water flow rate during the experiments varied from 1 to 4 kg/min. However,
the airflow rate was not specified. The results [48] showed that maximum productivity
was achieved when C/H=2. It was also found that forced air circulation with the fan
placed at the inlet to the humidifier (bottom position) and 5 mm cellulose paper appeared
to be the most effective. Under these conditions, the humidifier efficiency reached 99.5%.

It should be noted that the temperature of the saline water at the inlet of the
humidifier ranged from 50 to 90 °C. This temperature range was not suitable for normal
system operation due to salt precipitation and, consequently, fouling of the heat transfer

surfaces in the collector, humidifier, and dehumidifier [49]. Furthermore, the study [48]
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did not provide data on the heat consumed in the solar heater, making it impossible to
determine the system’s energy efficiency.

A distinctive feature of the study [50] was the use of biomass energy to heat water
and air at the inlet of the desalination unit with an open air cycle (Fig. 1.10). The
humidifier was a cylindrical chamber made of sheet steel with a cross-sectional area of
0.09 m?. The height of the container was 0.5 m at one end and 0.6 m at the other. The
tilted top cover allowed the condensate to drain into the distillate collection tray. At a

height of 0.12 m, a bubbling tube with a diameter of 0.039 m was installed for air supply.
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Fig. 1.10. Schematic of the desalination unit with a bubbling humidifier [50]

In the study [50], the influence of various parameters (diameter of the bubbling
tube holes, water level in the humidifier, water temperature, and mass flow rates of air
and cooling water) on the efficiency of the HDH system was investigated. Experiments
were conducted with the air mass flow rate of 0.014-0.018 kg/s and the water mass flow
rate of 0.025-0.0575 kg/s. Under these conditions, the system’s productivity was 1.8-3.5
kg/h when using unheated (external) air and 4.25-6 kg/h when the air was preheated with
flue gases. The authors [50] identified optimal values for the air flow rate (0.018 kg/s),
cooling water flow rate (0.058 kg/s), water temperature (60 °C), water level in the

humidifier (170 mm), and the diameter of the bubbling tube holes (1 mm). It is worth
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noting the significant aerodynamic resistance of such a system (7.5-35 kPa) and its low
energy efficiency (maximum GOR = 1). Noteworthy, the study [50] did not report the
temperatures to which the air was heated before entering the humidifier.

In the study [51], a new design for compact and lightweight air humidifiers for
HDH systems was proposed (Fig. 1.11). The heat exchanger consisted of a dense array of
24 vertically aligned strings along which the films of heated liquid could flow under the
influence of gravity. A counterflow of air directly contacted the liquid film, transferring
the resulting water vapor to the dehumidifier. This geometric configuration had a high
phase interface-to-volume ratio, which was necessary for highly efficient heat and mass
transfer processes and for reducing pressure drops in the gas phase. During the
experiments, the saline water flow rate was 1.6 and 2.4 g/s, and the air flow rate varied
from 1.5 to 12.5 kg/h. The inlet air temperature to the humidifier remained constant
(22°C), while the saline water was heated to 80 and 90°C. Under these conditions, the
authors [51] achieved evaporation rates from 5 to 12.5 kg/day. The efficiency of the string
humidifier ranged from 1 to 4 Pa. It should be noted that energy performance indicator,
specifically the gain output ratio (GOR), was not determined in the study [51], and the
highest productivity with minimal pressure loss was obtained at a very high saline water

temperature (90 °C) and the highest saline water flow rate (MR = 5,8).
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Fig. 1.11. Diagram of the HDH system with a string humidifier [51]
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Eder and Preiflinger [52] researched the operation of a bubbling cylindrical
humidifier as part of an open-air and open-water HDH system. A distinctive feature of
the setup was heating of the air at the outlet of the humidifier before it entered the
dehumidifier (Fig. 1.12). However, the rationale for this design decision was not
provided. The bubbler was made of stainless steel and acrylic glass, with a diameter of
140 mm. Water was supplied to the heat exchanger through a screen with holes of various
diameters (ranging from 1 to 3 mm).
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Fig. 1.12. Schematic of the HDH system with a bubbling column [52,53]

The productivity of this system ranged from 0.05 to 0.55 kg/h at a water
temperature in the humidifier of 40-80°C, air velocity of 0.5-5 cm/s, and liquid level
height of 60-378 mm. The authors determined the optimal parameters for the humidifier;
however, GOR, MR, and RR values were not provided, nor were the necessary data for
their calculation. It was established that the system’s productivity increased with rising
water temperature. In addition, the freshwater generation rate Gy, increased by
approximately 29% with the rise in liquid level from 60 to 378 mm. These results were
explained by the authors [52] as being due to enhanced heat and mass transfer in the first

case and reduced heat losses from the water surface of the humidifier in the second.
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In a subsequent study, Eder et al. [53] focused on investigating the heat and mass
transfer coefficients between air and water in their bubbling column (Fig. 1.12). The
authors [53] demonstrated that the air at the outlet of the humidifier reached a saturated
state (¢ = 100%) under various operating conditions. Unlike the previous study [52], the
liquid level in the humidifier was less than 0.1 m. Significant changes in the humidifier
efficiency were observed within this range. As a result, Eder et al. [53] proposed a
diagram of the expected humidifier efficiency depending on air velocity and liquid height.
However, one important parameter — aerodynamic pressure — was neither determined

experimentally, nor were recommendations provided for its evaluation.
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Fig. 1.13. Schematic (a) and photo (b) of vacuum thermal desalination [54, 55]

Rahimi-Ahar et al. [54, 55] investigated the humidification-dehumidification
processes in the HDH system that is open to water and closed to air, with simultaneous
water heating via solar collectors (see Fig. 1.13). The humidifier was a 2.5 m high tube
with a diameter of 0.1 m and a packing material, the type and characteristics of which
were not specified. An innovative aspect was the use of a vacuum pump to reduce
pressure in the humidifier, which increased the air’s moisture absorption capacity. The
experiments were conducted under the following conditions: air and water temperatures
at the humidifier inlet ranged from 35-75°C and 60-90°C, respectively; the air flow rate
was 10 kg/h, and the water flow rate ranged from 10-30 kg/h; the water temperature at
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the dehumidifier inlet was 10-35°C. Reducing the pressure in the humidifier from 90 kPa
to 50 kPa significantly increased productivity, GOR, and other parameters. Under these
conditions, the freshwater production rate reached 1.07 L/h per 1 m? of solar collector
surface, and the maximum GOR was 3.43.

The study [56] focused on increasing the productivity of the HDH desalination
system that used solar energy to heat water and operated with closed air and water cycles
(see Fig.1.14). The bubble-type humidifier was made of galvanized sheet metal with a
thickness of 3 mm, an area of 0.4x0.4 m?, and a height of 0.15 m at the front and 0.35 m
at the back. To reduce heat losses, the outer surface of the humidifier was insulated with
a 0.02 m thick PVC coating. A distinctive feature of the study [56] was the use of heat
pipes as humidifiers — this was the first time such a solution was applied. The system’s
productivity ranged from 0.22 to 0.83 kg/(h-m?) at air flow rates of 0.002-0.005 kg/s. Aref
et al. [56] found that the higher the distillate flow rate (Ggy), the greater the overall
efficiency and heat recovery in the humidifier. In addition, an increase in the air flow
velocity led to a higher number of bubbles in the humidifier, resulting in an increased
contact surface area between the air bubbles and the water. The maximum efficiency of

the bubble-type humidifier was approximately 60%.
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An original design of the HDH desalination system was studied in works [57-59].
The experimental setup consisted of four main components: the saline water circuit, the
humidifier, the hot air circuit, and the dehumidifier, as shown in Fig. 1.15.

Py
T7) (dw)
s N

} S
Air blower g . |

7o Humid Hir@_{ﬁ Dehumidification tank
) L

Humidification tank

Level switch _

Tz

. ol ; 1i£iéj
1) Water pump l A. |
O .} toniizers
N\

Solar radiation

Ta

—

inlet air
Py
Evacuated tube solar collector k‘b_‘)

Flat plate solar collector

Vapor compression eycle

Fig. 1.15. Diagram of HDH desalination with an atypical humidifier [57]

The water circuit included a vacuum tube solar collector and a DC pump. The
humidifier was made of galvanized steel with dimensions of 80x80x90 cm. A water tank
measuring 77x77%15 cm was mounted inside the humidifier at a height of 20 cm from

the base (Fig. 1.16).
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Fig. 1.16. Design of the humidification chamber from [57]
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Six high-frequency ultrasonic atomizers, each 3 cm in height, were installed in the
water tank to increase the humidity of the air. The experiments were conducted with two,
four, and six atomizers activated. The water level in the tank was set at three different
values: 1 cm, 2 cm, and 4 cm above the atomizers. The dehumidifier was a mini-chiller
evaporator mounted inside the tank. The distilled water condensed on the evaporator was
collected in a measuring container.

El-Said et al. [57] conducted their experiments under the following conditions: air
flow rate of 0.009-0.017 kg/s; saline water flow rate of 0.008-0.03 kg/s. The authors [57]
found that increasing the number of atomizers and lowering the water level in the
humidifier positively influenced the daily distillate output. The system’s productivity was
significantly affected by the air flow rate. The highest hourly distillate production
occurred at G, = 0.011 kg/s, while the lowest was at 0.009 kg/s. The highest gain output
ratio (GOR) of the system was approximately 1.54, and the maximum daily output
was 7.74 kg.

A distinguishing feature of the study [58] was the use of porous tubes made of
activated carbon in the humidifier instead of high-frequency ultrasonic atomizers. These
tubes were mounted inside the humidifier between the two tanks measuring 77x77x15 cm
(Fig. 1.17). A total of 36 hollow carbon cylinders were installed, each 48 cm long, with
an outer diameter of 55 mm and a wall thickness of 1.3 cm. The upper tanker served as a
feeder, from which the water flowed downward by gravity along the tubes. The tank was
filled to different water levels: 1, 2, and 3 cm, respectively. Experiments were conducted
at G, =0.0057-0.0173 kg/s and G,, = 0.02-0.022 kg/s. The authors [58] observed that the
system’s productivity was primarily affected by the air flow rate. Distillate production
increased by approximately 100%, 38.46%, 15.9%, and 34.5% at flow rates 0.0057,
0.0086, 0.0144, and 0.0173 kg/s, respectively. The optimal water level in the humidifier
was 3 cm. The highest daily output was around 6.12 kg; the highest GOR was 1.24. It
should be noted that using porous tubes for air humidification did not show advantages
compared to the previously described setup with ultrasonic atomizers, as the energy

performance indicators in the studies [57] and [58] were approximately at the same level.



45

hot air outlet

20 em
2 e

§tem

Yot a1f wmlet

& cm

Fig. 1.17. Design of the humidifier with porous tubing [58]

The following study by Abdelaziz et al. [59] completely replicated the diagram,
humidifier design, and the results of the setup performance from [57]. It can be noted that
neither the use of a mini chiller for cooling the air in the dehumidifier nor the new
humidifier designs offered significant advantages compared to other solutions. The water

recovery ratio and the humidifier efficiency were among the lowest of all configurations
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Fig. 1.18. Schematic of the HDH system with a separate cooling loop [60]
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Thanaiah et al. [60] studied seawater desalination using artificial and biological
packing materials. A distinctive feature of the proposed design was a separate water
circuit for air cooling in the dehumidifier (Fig. 1.18). In this case, saline water circulated
only in the humidifier and was heated at the inlet to the required temperature. The
humidifier was made of mild steel with a square cross-section of 0.4x0.4 m and a height
of Im. To increase the contact area between air and water, hot water was sprayed using
two sprinklers installed at the top of the humidifier. Each sprinkler consisted of 36 holes
spaced 0.8 cm apart.

Experiments were conducted both without packing material and with
polypropylene and paddy grass (Fig. 1.19). The latter consisted of 1,600 grass stems, each
with a diameter of 0.005 m and a length of 0.4 m. The packing density of the paddy grass
was 157.07 m?/m? with a surface area of 10.05 m?. The maximum freshwater production
rate was 0.39, 0.46, and 0.73 kg/h without packing, with polypropylene, and with paddy
grass, respectively. The air flow rate ranged from 0.005 to 0.475 kg/s, while the water
flow rate ranged from 0.01to 0.0475 kg/s. Under these conditions, the GOR coefficient
reached values of 0.1-0.28 (with no packing material), 0.15-0.4 (with polypropylene), and
0.3-0.65 (with paddy grass).

Fig. 1.19. Types of packing materials researched in [60]

In [61], the performance of a small-scale desalination unit was evaluated using
hydrophobic plastic packing materials of various shapes (balls, saddles, and snowflakes)
(Fig. 1.20). A mathematical model was developed to simulate the desalination process by

calculating the temperature, productivity, and efficiency of the HDH system for each
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packing material under steady-state conditions. The modeling results were compared with

the experimental data.

Fig. 1.20. Hydrophobic plastic packing materials of various shapes [61]

The experimental setup described in [61] is shown in Figure 1.20. The dehumidifier
consisted of five finned heat exchangers with aluminum fins and copper tubes connected
in series. Another key component was a humidifier — a rectangular container made of
polycarbonate with external dimensions 150x150 mm? and a height of 320 mm. The
humidifier was filled with packing material, and water was sprayed onto it using a
sprinkler. Air circulated from the humidifier to the dehumidifier through a rectangular
duct. To prevent heat loss to the environment, the entire system was insulated with
polyurethane foam. The void fraction and specific geometric surface area of the balls were
92% and 280 m*/m?; saddles — 97% and 169 m?*/m?; snowflakes — 97% and 138 m?*/m?,
respectively.

The experiments were conducted with the water flow rate of 6.12-18 kg/h and the
air flow rate of 20.16-27.36 kg/h. The results did not show significant differences among
the various shapes of packing materials. The distillate output, energy efficiency of the
system, and aerodynamic resistance of the humidifier all fell within a similar range. It is
also worth noting that in this setup, the water was cooled before being supplied to the
dehumidifier, which allowed for lowering the air temperature and condensing more fresh
water from the air. Therefore, it is surprising that the energy efficiency of this system was
at the same level — or even lower — than that of other configurations without water cooling.

In [62], the performance of a solar HDH system using a centrifugal humidifier was

experimentally analyzed. The experimental setup is shown in Figure 1.21. It consists of
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five main components: a solar collector for heating seawater, a solar air heater, a
centrifugal humidifier, a dehumidifier, and a measurement system for evaluating

performance.
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Fig. 1.21. Experimental setup from [61]

The air humidifier (Fig. 1.22) consisted of a rectangular casing and a centrifugal
sprayer. The humidifier casing was made of galvanized steel and had dimensions of
0.60x0.60 m and a height of 1.0 m. The front side of the casing was made of plastic,
allowing for observation of the air humidification process. The outer surface of the
humidifier was insulated with 0.05 m-thick fiberglass. As shown in Figure 1.22, the
sprayer consists of three main components: a drive mechanism, a hot water supply system,
and a rotating sprinkler. The sprayer is driven by an AC motor and features multiple
nozzles through which seawater is sprayed inside the humidifier. Seven different nozzle

placement configurations were tested during the study.
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The experiments were conducted at five different air flow rates (0.044, 0.038,
0.031, 0.025, and 0.019 kg/s) and five different water flow rates (0.051, 0.047, 0.039,
0.031, and 0.025 kg/s). The results [62] showed that a greater number of spray holes
reduced performance, while increasing the sprinkler’s rotational speed, by contrast,
increased the distillate yield. The maximum distillate production (1.6 kg/s) and GOR
(1.45) were achieved at the highest air (0.044 kg/s) and water (0.051 kg/s) flow rates. It
should be noted that in [62], the authors did not report the air and water temperatures in
the humidifier or determine the efficiency of the proposed humidifier design €nym, Nhum-
At the same time, the overall system efficiency reached only 0.5. This low value can be
attributed to the additional electrical energy consumption required to rotate the sprayer.
In [63], the characteristics of a closed-air and open-water version of the HDH cycle
were experimentally investigated. The HDH system was built using a humidifier with a
packing layer and finned tubular heat exchangers, which serve as the dehumidifier and
are widely used in various industrial applications. Water heating took place after the

dehumidifier, at the inlet to the humidifier.

Air outlet NS
RN

[ e Air outlet
I_
;I & & é‘ L\{IL:‘_ Water inlet

[-oooooIsooIiiiio N\ Spray nozzles ABS packing

_________________ material

Packing material

o 7 __ & Airinlet
o b Rain zone
E 1 E e A1 imlet A
' / /
!

Water outlet Water outlet

Fig. 1.23. Schematic and photo of the contact humidifier from [63]
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The humidifier consists of three main sections and operates in a counterflow regime
(i.e., air and water flow in opposite directions, see Fig. 1.23). The upper section, with a
height of 0.3 m, is the zone where heated water is sprayed from all the nozzles. This is
also where the hot, humid air exits the humidifier unit. The second section, located below
the first, is 1.1 m high and is referred to as the packing material zone. It is filled with ABS
plastic at a specific surface area of 226 m?*/m>. The third section, 0.435 m in height, is
situated at the bottom. Cold air 1s supplied to this section and moves upward as it interacts
with the water trickling down from the packing material. Additionally, the concentrated
brine is discharged into a drainage tank located at the very bottom of the humidifier.
Garg et al. [63] found that their system could produce approximately 125.5 liters
of fresh water per day, operating at a water inlet temperature to the humidifier of only
61.7°C and achieving a mass flow rate ratio (MR) of 2.34. Under these operating
conditions, the reported energy efficiencies of the humidifier and dehumidifier were
approximately 0.75 and 0.80, respectively, while the coefficient of GOR = 0.81. The
authors [63] noted that their system could be further improved and proposed integrating
a solar-powered absorption heat transformer. The potential of this solution was evaluated
analytically, without experimental validation.
Khan et al. [64] experimentally evaluated the performance of an HDH system with

two bubble column humidifiers (Fig. 1.24).
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Fig. 1.24. Diagram of the desalination unit with two bubble column humidifiers [64]
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The bubble columns were made of plexiglass in cylindrical form. The first
humidifier had an internal diameter of 11.5 cm and a height of 16 cm. The perforated
plate installed in the first humidifier consisted of 66 holes, each with a diameter of 5 mm.
The second humidifier had a diameter of 13.5 cm, and its sprayer contained 60 holes with
a diameter of 2 mm.

In [64], it was shown that increasing the air flow rate and temperature enhances the
performance of the bubble column humidifiers. Additionally, the optimal parameters for
maximum distillate production (0.3 kg/h) were identified: input power of 0.71 kW, air
temperature of 140°C, air flow rate of 2.55 kg/h, and water levels in the first and second
humidifiers of 3 cm and 6.5 cm, respectively.

Shaikh and Ismail [65] developed a solar collector-driven HDH system with a
packed bed humidifier designed for Indian climatic conditions. As packing material, the
authors [65] used 10 sheets of cellulose paper, each with a diameter of 0.4 m and a
thickness of 10 cm (Fig. 1.25). The humidifier was made of plexiglass acrylic and had a
cylindrical shape with a diameter of 0.4 m and a height of 1.75 m. To ensure uniform
water distribution, an axial nozzle was installed 25 cm above the packing material. With
the air flow rate of 10 kg/h and the feed water flow rate of 50 kg/h, the maximum
productivity of the HDH system reached 6.5 kg per day, while the average

thermodynamic efficiency of the humidifier was 0.62.

Multi-
stage BCD

Fig. 1.25. General overview of the packed bed humidifier from [65]
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According to the conducted review, the most common types of humidifiers in HDH
systems are packed bed heat exchangers and bubble column humidifiers. Bubble column
units [50, 52, 53, 56, 64] exhibit the highest thermodynamic efficiency; however, they are
characterized by significant aerodynamic resistance (more than 10 kPa) and low
volumetric productivity. This results in higher specific electricity consumption (SEC).
Packed bed heat exchangers [48, 54, 55, 60, 61, 63, 65] demonstrate high efficiency due
to their large heat and mass transfer surface area and relatively low air-side pressure losses
(10...100 Pa). At the same time, they require a substantial flow of saline water (MR > 1).
Additionally, saline water must be pumped through the humidifier at a high pressure to
ensure effective spraying through the nozzles. Consequently, the pump power and energy
consumption increase, which in turn raises the SEC value.
The advantages of a string-type humidifier [51] include low aerodynamic resistance
and high heat and mass transfer efficiency. However, such performance is achieved at a
water temperature of 90°C. Heating water to this temperature is impractical due to the
potential for salt deposition within the HDH system components. Despite the structural
complexity, other unconventional humidifiers [57-59, 62] demonstrate productivity
comparable to packed bed units. Moreover, humidifiers equipped with ultrasonic
atomizers [57, 59] and rotating attachments [62] consume more electricity.
Therefore, the lack of data on water and air pressure losses complicates the
comprehensive analysis of existing humidifier designs and prevents the evaluation of
their economic and exergy efficiency. This highlights the need for further research aimed

at identifying optimal humidifier configurations.

1.4 Conclusions to Chapter 1, Research Aim and Objectives

1. Decentralized small-scale seawater desalination plays a significant role in
alleviating water resource constraints in coastal regions and offshore islands, contributing
to the sustainable development of China’s economy and society.

2. The low-temperature small-scale thermal desalination technology based on

humidification-dehumidification of air (HDH) offers distinct advantages for deployment
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in remote and economically disadvantaged regions of China. However, the high thermal
energy demand for freshwater production remains the primary limiting factor.

3. The performance of HDH systems is primarily determined by the amount of
water vapor absorbed by air in the humidifier. Therefore, improving the efficiency of heat
and mass transfer processes in humidifiers represents a promising direction for
experimental research in HDH systems.

4. The most common types of humidifiers used in HDH systems are packed bed
heat exchangers and bubble column humidifiers. However, these devices exhibit high
specific electricity consumption, which increases the cost of freshwater and reinforces
dependence on energy resources (particularly electricity).

5. The lack of data on water and air pressure losses hinders a comprehensive
analysis of humidifiers and prevents the evaluation of their economic and exergy
efficiency. This gap necessitates further research aimed at identifying optimal humidifier
configurations.

Based on the analysis of the existing scientific studies on heat transfer during
filmwise condensation of moving vapor inside smooth horizontal tubes, the aim of this
research was formulated as follows: to enhance the performance of contact humidifiers
in thermal desalination systems in order to reduce both thermal and electrical energy
consumption for freshwater production in remote and economically disadvantaged areas
of China.

In accordance with this aim, the following main research objectives were defined:

1. To experimentally investigate the hydrodynamics and heat and mass transfer
processes during air humidification in a tube contact heat exchanger under typical HDH
system operating conditions.

2. Based on the analysis of the experimental results, determine the geometric
dimensions of the unit and the air and water flow rates required to achieve the maximum
performance and energy efficiency of the HDH system.

3. To develop a calculation methodology for the tube contact heat exchanger when
used as a humidifier in a thermal desalination system.

4. To compare the performance of the tube film heat exchanger with other

commonly used humidifier designs.
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CHAPTER 2. EXPERIMENTAL SETUP AND METHODOLOGY FOR
STUDYING THE AIR HUMIDIFICATION PROCESS

2.1. Design and Layout of the Experimental Setup

To carry out the experimental investigation, an experimental setup was designed
and constructed at the Department of Heat and Alternative Power Engineering of the
Educational and Scientific Institute of Nuclear and Thermal Energy at the National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”. The general
view and schematic diagram of the setup are shown in Figures 2.1 and 2.2, respectively.

The setup includes an open-air circuit and a closed-water circuit. The system’s main
parts are the humidifier (10), the water heater (6), the pump (8), the fan (15), and the

control and measurement system used to monitor key parameters.

Humidifier

Heater

Fan Lr tank

Fig. 2.1. Photograph of the experimental setup
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Fig. 7. Schematic of the experimental setup:

1 — laptop; 2 — RS485/USB interface converter;

3 — eight-channel meter; 4 — air relative humidity and temperature converter; 5 — power
regulator with a temperature sensor; 6 — flow-through water heater; 7 — rotameter; 8 —
diaphragm pump; 9 — laboratory power supply unit with smooth adjustment of output

parameters using current and voltage potentiometers with 0-24 V, 6 A with a digital
electronic meter; 10 — experimental humidifier; 11 — inclined tube micromanometer;

12 — piezometer; 13 — adjustable laboratory autotransformer; 14 — digital multifunction

AC meter; 15 — fan; 16 — anemometer, 17 — Pt1000 thermocouple.
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A humidifier (10) is a transparent acrylic tube, 2 meters long, with an internal
diameter of 26 mm, fixed between two reservoirs.

An electrical heater (6) (Fig. 2.3) was designed to preheat the water before it is fed
into the humidifier. The compact casing of the unit contains a flow-through chamber and
two heating elements (tubular electric heaters) with a rated power of 1 kW and 2 kW,
respectively. The water temperature at the humidifier inlet is regulated by adjusting the

power supplied to the heating elements via a controller (5).

Fig. 2.3. General view of the heater

A diaphragm water pump (8) (Fig. 2.4) provides circulation of water within the

setup’s water circuit and has the following technical specifications:

e maximum flow rate — 6 L/min;

e operating voltage —9...14.4 V;

e operating current — up to 6 A;

e power— 72 W;

e operating pressure — up to 0.9 MPa;

e operating temperature — 0...100°C;

o weight — 0.6 kg.
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Water flow was regulated using a laboratory power supply unit (9) by smoothly

adjusting the operating voltage and current.

Fig. 2.4. General view of the diaphragm pump

The duct fan (15) supplied ambient air to the experimental setup and had the
following technical specifications:
e maximum airflow rate — 437 m?/h;
e operating voltage — up to 230 V, operating current — 0.31 A;
e power—70 W;
e weight — 3 kg.

Fig. 2.5. General view of the fan
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The airflow rate is regulated using a laboratory autotransformer (13). The set values
of voltage and current are displayed on a digital meter (14).

The following instruments are integrated into the experimental setup to measure
the required parameters. A rotameter (7) is connected to the water circuit to measure the
volumetric flow rate of water. The pump head is measured with a pressure gauge. The air
velocity at the outlet of the humidifier is measured by an anemometer (16). The total air
pressure losses in the humidifier are recorded using a micromanometer (11). The water
temperatures at the inlet and outlet of the humidifier are measured with the thermocouples
(17). The air temperature and relative humidity at the inlet and outlet of the humidifier
are measured using digital sensors (4). All temperature and humidity values are
transmitted in real time to a software application on a laptop (1) via a data acquisition
system consisting of an eight-channel meter (3) and an interface converter (2). The
atmospheric pressure is measured using a barometer. The specifications and measurement

errors of all instruments are presented in Table 2.1.

Table 2.1. Specifications of Measuring Instruments

Instrument Parameter Range Accuracy
1 2 3 4
Digital Converter DVT- Air temperature -35-80°C +0.4°C
303 Air relative 0-100% +3%
humidity
Thermocouple Pt1000 Water temperature -40-270°C | £(0.3+0.005t)°C
Rotameter RM-0.1 Water flow rate up to 100 L/h +2.5L/h
Rotameter RM-0.04 Water flow rate up to 40 L/h +1 L/h
Anemometer testo 4101 Air velocity 0.4-30 m/s | £0.2 m/s £2% of
the measured
value
Micromanometer Air pressure drop up to 600 Pa +3 Pa
Manometer Pump head up to 60 kPa +0.6 kPa
Barometer Atmospheric 80-106 kPa +0.2 kPa
pressure
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Continuation of Table 2.1

1 2 3 4
Single-channel output Heater power 0-30 A +0.01 A
DC power supply 50-300 V £0.1V
Digital multi-function Fan power up to 4.5 kW +1%
meter
Pump power
Vernier caliper Tube diameter 150 mm +0.1 mm
Measuring tape Tube height upto3 m +1.3 mm

All instruments used during the experiments were accompanied by a technical
passport and/or a valid calibration certificate. Therefore, the measurement accuracy of
each instrument was known. The complete list of measurement accuracies is presented in

Table 2.1 in the format +X, where X denotes the corresponding measured value.

2.2. Research Methodology and Measurement Error Assessment

The installation works as follows. The upper reservoir (Fig. 2.6.a) is filled with
water using a pump (8), ensuring an even flow of the water film along the inner surface
of the humidifier (10). From the tube, the water flows into the lower reservoir (Fig. 2.6.b).
The water level in the lower reservoir is monitored using the piezometer (12). From the
lower reservoir, the water is pumped back to the upper reservoir by the diaphragm pump
(8), completing a full cycle. Smooth regulation of water flow is achieved using the
laboratory power supply (9) by adjusting the input current (0 - 6 A) and voltage (0-24 V).
A flow-through electric heater (6) is used to raise the water temperature to the desired
value. The required heating power is set via a controller (5).

Ambient air is supplied to the humidifier (10) by the fan (15) through the lower
reservoir, flows upward through the system, and exits into the environment from the upper
reservoir. During the heat and mass transfer between the air and the falling water film
inside the tube, the air becomes warmer and more humid, while the water is being cooled.

The airflow rate in the humidifier is controlled by adjusting the input voltage to the fan
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within the range of 0-220 V using an autotransformer (13). The fan’s power consumption
1s measured using a digital multifunction AC meter (13). The range of changing operation

conditions is shown in Table 2.2.

Fig. 2.6. Design of the upper (a) and lower (b) reservoirs

Table 2.2. Measured Experimental Variables

Parameter Range Standard Uncertainty
Air velocity in the tube 3.3-15.2 m/s 3.3-8%
Mass flow rate of water 10-80 kg/h 3.1-9.6 %
Air pressure drop in the humidifier 19-324 Pa 1-15 %
Air temperature at the humidifier inlet 24-29°C 2%
Air humidity at the humidifier inlet ~65% 4.7%
Air temperature at the humidifier outlet 27-48°C 2%
Air humidity at the humidifier outlet ~98% 3%
Water temperature at the humidifier inlet 28-59°C 1.3%
Water temperature at the humidifier outlet | 25-42°C 1.4%
Pump head 22.3 kPa 2.7%
Power consumption of the fan =75 W 1%
Power consumption of the pump =~1.5W 1%
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The maximum relative measurement errors are calculated using the following

formula:

AX
6X = —-100%, (2.1)

where: X is the minimum value of the measured variable (Table 2.2).

AX 1s an absolute measurement error determined according to the accuracy of the
measuring instrument used for each variable (Table 2.1).

The air velocity inside the tubes is measured using a compact vane anemometer
Testo 4101 (Fig. 2.7). The device is positioned at the air inlet zone of the tube and aligned
with the direction of air flow (Fig. 2.2). The inlet zone diameter corresponds to the
humidifier’s internal diameter (26 mm). The anemometer is equipped with a wireless
Bluetooth module and operates in conjunction with a mobile application, which allows
for convenient real-time data collection, processing, and analysis.

Measurements are conducted in a continuous mode for a specific time interval (at
least one minute for each trial). The data collected during a one-minute interval for one

of the variable sets is shown in Figure 2.8.

Fig. 2.7. General view of the anemometer Testo 4101

As shown in Figure 2.8, the amplitude of air velocity fluctuations is minimal,

indicating a stable airflow. Minor variations in velocity are caused by an interaction
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between the air and the liquid film inside the humidifier, which leads to the formation of
local vortices and turbulent zones. Therefore, in each experiment, the average air velocity
over a one-minute measurement interval is used for further calculations. For the

measurements presented in Figure 2.8, an average air velocity is 2.3 m/s.
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Fig. 2.8. Variation of air velocity in the humidifier over a one-minute

measurement interval

To measure the water temperature, Pt1000 resistance temperature detectors
manufactured by REGMIK [66] (Fig. 2.9.a) are used. DVT-303 digital humidity and

temperature sensors (Fig. 2.9.b) are applied to determine the air parameters at the inlet

and outlet of the humidifier.

Fig. 2.9. General view of the Pt1000 (a) and DVT-303 (b) sensors
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The digital signals from the Pt1000 and DVT-303 sensors are transmitted to the
eight-channel measuring device (18) (Fig. 2.10) for monitoring and displaying the

measured values on a built-in digital indicator.

Fig. 2.10. General view of the eight-channel converter (I8)

To collect, store, and visualize temperature and humidity data in real time, the
digital signals from the measuring device (18) are transmitted to a laptop screen using an
RS-485/USB interface converter (Fig. 2.11) and the “REGMIK Data Acquisition System”
software (Fig. 2.12). The temperature and humidity measurements are taken at 5-second

intervals throughout the entire duration of the study.

Fig. 2.11. General view of the eight-channel converter (I8)

Changes in the water and air temperatures during the study are shown in
Figures 2.13 and 2.14, respectively. Overall, the duration of a single experiment can be

divided into three distinct stages.
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After starting the setup, adjusting the required flow rates of air and water, and
activating the measurement system, all four temperature values corresponded to the
ambient laboratory air temperature (t,;). During this initial period (Stage I), there were no
significant temperature changes.
Following the activation of the heater and the setting of its required power, Stage
IT — heating — started. Within the first 30 minutes of the experiment, the temperatures ty,
tw2, and t; increased sharply. Subsequently, their growth slowed and continued until
relatively constant values were reached. The stabilization of the temperatures ty,, tw2, and
ta1 occurred approximately one hour after the start of the experiment, indicating that the
system had approached thermal equilibrium.
Stage III lasted 30-40 minutes. A key feature of this period was the stability of the
temperature regime without abrupt fluctuations. For further calculations of the energy
performance of the humidifier, the average temperature and humidity values recorded

during Stage III were used.
2.3. Experimental Data Processing Methodology

2.3.1. Heat Balance of the Humidifier

Data reduction of the measured results can be summarized in the following
procedures. The thermodynamic properties of water and humid air are determined using
the CoolProp library [67].

The mass flow rate of the air at the inlet to the experimental setup is determined

using the following formula:
mg = 0.257w,d?pg in. (2.2)
The liquid velocity is calculated by the formula:

_ 4m,, 53
M = 7szpw,in. ( . )
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The heat balance of the experimental humidifier is calculated as follows:

Qa = Qu- (2.4)

The heat supplied to the water in the flow-through heater is determined in the

following way:

Qw = mep,W,intw,in - (mw - Aw)Cp,w,outtw,out- (2-5)

where Aw is the humidifier’s performance (mass flow rate of humidity transferred

from hot water to air):

Aw = mgy(weye — Win)- (2.6)

The total heat transferred to the air in the humidifier is calculated as follows:

Qa = (ma + Aw)ha,out - maha,in- (2-7)

The heat transferred to the air in the humidifier consists of two types:

Qu = Q"™ + Q5™ (2.8)

where Q. %" is latent heat (the heat transferred during the evaporation of water

vapor into the air):

PP = Awhy,. (2.9)

£O™ is sensible heat (the heat transferred through convective heat exchange):

gon = macp,a(ta,out - ta,in)- (2.10)
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As shown in Figure 2.15, approximately 87% of the heat is transferred from water

to air through moisture evaporation, while about 13% is transferred via convective heat
exchange. The distribution between latent and sensible heat in the thermal balance is
consistent with the results of numerical modeling [68, 69] and experimental studies [70].
100%
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Fig. 2.15. Balance of latent and sensible heat in the humidifier during the experimental

studies

The ratio of the thermal balance between water and air for all experiments is
presented in Figure 2.16. The solid line represents a theoretical finding. The closer the
square is to the black line, the smaller the deviation between Q, and Q,,. It can be seen
that the maximum discrepancy between Q, and Q,, does not exceed 8%.

600

+8% | ¢
500 Jid -

o 8%
400

300 e e

Qa, W

200 e

100

0

0 100 200 300 400 500 600
Qw, W

Fig. 2.16. The ratio between O, and Q,, in the humidifier during the experimental
studies
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The mean absolute deviation, mean deviation, and root mean square deviation of
the thermal balance based on water and air in the humidifier are determined using the

corresponding formulas:

e, :%ZIOO QaQ_WQW (2.11)
_1 0.~ 9,
e, = nZwo o ] (2.12)

aN:[ ! Z(e—eR)ZTS (2.13)

n—1

where e = IOO[Q “Q_ 0, ], n is the number of calculated points.

w

The percentage of the calculated points that matched the experimental values within
a £8% margin of error was also determined. The results of the thermal balance error

analysis for the humidifier are summarized in Table 2.3.

Table 2.3. Errors in the Thermal Balance of the Humidifier

Error Type Value
mean absolute deviation ea, % 3.5
mean deviation eg, % 1.1
root mean square deviation o, % 6.5
number of points within £8% error margin 15 or 100%

An analysis of Figure 2.16 and the data presented in Table 2.1 indicates that the
humidifier’s thermal balance between water and air was determined with sufficient

accuracy.
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2.3.2. Determination of the Humidifier’s Energy Performance Indicators

The electric energy consumption by the pump and the fan required to transfer 1 kg

of moisture to the air in the humidifier is calculated as follows:
SEC = (Nran + Npump)/Aw . (2.14)
The evaporation rate per unit humidifier volume is calculated using the formula
ER = Aw/Vyum, (2.15)

Vipum = 0.25md?L. (2.16)

The humidifier’s performance is calculated by the formula:

Nhum = (nhum,a; nhum,w)» (2.17)

where 1pym o 15 the efficiency of the humidifier on the air side:

ha,out - ha,in .

Nhuma = = ; (2.18)
e hézc,lout - ha,in
where 1p,m v 15 the efficiency of the humidifier on the water side:
hyin—nh
Mhamw = s (2.19)
hw,in - hw,out

Formulas (2.18) and (2.19) héfout demonstrate ideal enthalpy of air at the
humidifier outlet (assuming full saturation, ¢,,~100% and tg oy = tiyin)- h‘i,ff’out shows

ideal enthalpy of water at the humidifier outlet (assuming t,, 5, = tg in)-
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The exergetic efficiency of the humidifier is calculated using the following formula

[71]:
& _ Ea,out + Ea,in
EF Ew,in + Ew,out

£ = , (2.20)

where Ep is the exergy of the “product”, or an increase in exergy between the inlet
and outlet for the continuous air flow;

Er is the exergy of the “fuel”, or a decrease in exergy between the inlet and outlet
for the water flow;

E.in 0 W is the exergy of the incoming air (equal to the exergy of the ambient
environment).

The values of the other components in the formula (2.19) are determined using the
equations provided in [72].

The exergy of moist air at the outlet of the humidifier is calculated as follows:

Ta out
Ea,out =mg (Cp.a,out + wa,outcp.v) ) <Ta,out - Ta,in - Ta,inln

Ta,in
M
Ma 1+ VZ wa,in
+ RaTa,in <1 + M—wa,out> In M
v 1+ V: Wy out
Ma Wa out
+ — In———| ;. 2.21
Mv Wq outth Wain ( )

The exergy of water at the humidifier inlet is calculated using the following

equation:

Pain)

Ew,in =m, [hw,in - h\iA(/i,out - Ta,in(sw,in - S\fg) - RvTa,inln 100

(2.22)

where si¢ is the entropy of the “dead state”, J/(kg-K).
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The exergy of water at the humidifier outlet is calculated as follows:

Ew,out = (mw - Aw) X

M] (2.23)

X [hw,out - h\i/f/i,out - Ta,in (Sw,out - S\fvd) - RvTa,inln
100
2.4. Assessment of Calculation Uncertainty
In this study, the uncertainty of the calculated values was assessed using the method
described by Holman et al. [73]. It is assumed that the result of calculating the parameter
R is a function of independent variables (measured quantities) X;, X>, X, ..., X,, 1.e.,

R:ﬂXl,XQ, X3, ,Xn) (224)

In this case, the absolute uncertainty of the parameter R can be calculated using the

following equation:

2 2 2 2

sR= [(PE0) 4 () +(2R) e (), 22
NAY) S X, * Xy > ox, ")’ (2:25)

where Ay, Ay, As, ..., A, are absolute uncertainties of independent variables X, X,
X3, ey Xn.
In the case where the result of the function R is determined as the product of the

corresponding measured quantities, i.e.,

R=X{"X;% .. X" (2.26)

wAp

the partial derivatives in equation (2.25) can be written as follows:
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OR _
5 = XX (ax Y xgm (2.27)
l

After dividing equation (2.26) by equation (2.27), we obtain:

RAX, X, '

Substituting equation (2.28) into equation (2.25), we obtain the computational

formula for determining the uncertainty of the calculated value:

w5y

In the case where the result of function (2.24) is determined as the sum of the

respective primary variables, i.e.,
R = a,1X1 + a2X2 + -+ aan, (230)
the partial derivatives in equation (2.25) have the following form:

R
oX;

= a,. (2.31)

After substituting the value of the partial derivative from equation (2.31) into

formula (2.25), we obtain the following result:

AR = /Z(aiAi)Z. (2.32)
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Equations (2.29) and (2.32) should be used together if the calculation formula

(2.24) includes the measured variables related by a complex relationship (product and
sum).

As an example, we determine the uncertainty of the calculation formula (2.2),

which is used to find the mass flow rate of air at the inlet to the experimental setup:

mg = 0.251w,d?pg in.

The values of the air mass flow rate are determined for the series of experiments

conducted to evaluate the energy performance of the tube humidifier (Section. 3.3):

mg = 0.25-3.14-5.02-0.026% - 1.182 = 0.0032 kg/s a6o 11.3 kg/h.

The calculation formula (2.2) includes two values that are determined
experimentally:

mg = f(Wg, d). (2.33)

The partial derivatives of the two respective functions are found:

mg 5
~—= = 0251d" pg in, (2.34)
a
am, B
= 0.25-3.14-0.026% - 1.182 = 6.27 - 1074,
ow,
am,
a_d = 0'57poa,inl (235)
ma
3d =0.5-3.14-0.026 - 1.182 = 0.048.

According to the formula (2.25), the absolute uncertainty of the air mass flow rate

calculation is determined as follows:
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am, 2 0m, 2
Am, = <6W Awa> + ( 7d Ad> ) (2.36)
a

Am, = /(627 -107*-0.3)2 + (0.048 - 10~)2 = 1.88- 10~* kg/sa60 0.7 kg/h

The relative uncertainty of the air mass flow rate calculation is determined using

the equation (2.1):

Am,

omy, = —2100%, (2.37)

mg
0.7
6ma = mlOO% = 6%

Similarly, the uncertainties of all calculated parameters are determined. The final
results are presented in Table 2.4. Thus, it was established that the maximum combined

uncertainty of the experimental results amounts to =11%.

Table 2.4. Standard uncertainties of the calculated parameters.

Parameter Range Uncertainty
My 7.4-35 kg/h 3.4-7.1 %
Wiy 0.005-0.042 m/s 3.2-9.6 %
Ao 114-682 gr/h 6.9%
Qa 89-557 W 11%
Qw 90-554 W 8.4%
SEC 0.013-0.081 kWh/kg 7.1%
ER 108-642 kg/(m°h) 6.9%
Nhum 0.52-0.89 3.7%
Ehum 0.32-0.66 5.3%
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2.5. Conclusions to Chapter 2

1. The developed experimental setup has enabled both the investigation of the air
humidification process in a film-type contact heat exchanger and the examination of the
individual effects of air flow rate, water flow rate, and heat flux on the energy
performance of contact humidifiers, while keeping other parameters constant or allowing
only minimal variation.

2. Real-time monitoring and visualization of the air temperature and humidity data
using the measurement and control equipment by Regmik have allowed for a detailed
analysis of the heat and mass transfer dynamics within the humidifier. This facilitated
accurate identification of the humidifier’s operating regimes and an objective evaluation
of its efficiency and performance.

3. An assessment of the maximum relative and absolute uncertainties arising during
the experimental investigations and calculation of the derived quantities has been
conducted. The employed measurement equipment and experimental methodology
enabled the determination of the humidifier’s energy performance characteristics with a
maximum combined uncertainty of +£11%. The maximum imbalance in the humidifier’s

thermal balance across all conducted experiments was 8 %.
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CHAPTER 3. RESULTS OF STUDYING THE OPERATING PARAMETERS

AND ENERGY CHARACTERISTICS OF THE CONTACT HUMIDIFIER

3.1. Design Air Flow Rate
3.1.1. Water Film and Air Flow Regimes in a Vertical Tube

In direct-contact film-type heat exchangers with counterflow of air-water mixture

in a vertical tube, three two-phase flow regimes occur (Fig. 3.1).

warer inlef

T

ar et
a b £

Fig. 3.1. Flow regimes of water film and air in a vertical tube: a — film flow without
waves (Reir < 2300); b — waves on the liquid surface (Re,; = 2300...8000); ¢ —
“flooding” regime (Re,;» = 8000...30000)

At low air Reynolds numbers (Re,i: < 2300), the falling film flows downward due
to gravity with almost no waves (Fig. 3.1.a). As the air velocity gradually increases (Reair
=2300...8000), waves begin to form on the surface of the film (Fig. 3.1.b). With further
increase in air velocity, the liquid flows both upward and downward simultaneously
(Fig. 3.1.c). This transition is referred to as “flooding”. The air flow velocities at which

flooding occurs can be identified either through visual observation or by a sudden increase
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in hydraulic resistance. If the air velocity is sufficiently high (Re,; > 30000), the entire
liquid begins to move upward. In this regime, proper operation of a film-type direct-
contact heat exchanger with a counterflow air-water stream is not possible [74].

Experimental data from various authors indicate that the boundaries between
different flow regimes are not sharply defined and generally fall within the

aforementioned ranges of air Reynolds numbers [75].

3.1.2. Flooding Point

The existing experimental results for determining the flooding point are known to
be highly dependent on the design of the inlet and outlet sections of the investigated tubes
[76]. Many of the results were summarized by Jeong and No [77] for tubes of various
shapes. The authors [76, 77] identified the following mechanisms for the onset of
flooding:

1. Flooding caused by surface waves: the amplitude of large waves increases when
the waves collide in the cross-section of the tube. As a result, liquid bridges are formed,
which break up into droplets and are carried upward by the air flow.

2. An increase in wave amplitude in the surroundings of the outlet, which starts as
pressure-induced upflow of the stationary hanging liquid torus dripping from the
borderline of the tube outlet section.

3. Entrainment of individual liquid droplets from the wavy surface of the film.

The experimental results presented in [77] indicate that flooding is merely a result
of flow instability induced by the design of the outlet section of the tube. Flooding begins
at much lower air velocities than can be predicted based on instabilities inside the tube.
This explains the significant deviations between flooding curves obtained experimentally
by different authors [76]. The key parameters influencing the onset of flooding are the
design of the inlet and outlet sections of the tube, the length and diameter of the tube, as

well as the viscosity and surface tension of the investigated liquids [76].
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Based on a review of 2500 sets of experimental data obtained for liquids with
viscosity similar to that of water, Jeong and No [77] proposed determining the onset of

flooding using the following empirical equation:
ja'* = aju +bj/" +c. 3.1

where superficial phase velocities are determined as follows

1
Pi,in ]2

j. = W;
l l !(pw,in - pa.in)dg

(3.2)

The index i = a, w denotes the air and liquid phase.

For a circular vertical tube with smooth inlet and outlet geometry, the authors [77]
analyzed 536 experimental data points. All data corresponded to the following conditions:
air-water system, countercurrent flow regime with water supplied from the top, tube
length ranging from 0.7 to 2 m, and a diameter between 20 and 50 mm. The best fit for
generalizing all 536 experimental data with formula (3.1) is achieved using the following

coefficient values:
a=-0.439;b =—-0.123;c = 0.791. (3.3)

It should be noted that, to date, accurate methods for calculating air pressure losses
below the flooding point are lacking. This is due to the predominant influence of the outlet
geometry on flooding and the momentum transfer of the dispersed liquid droplets

resulting from entrainment effects at the wavy film surface [76].
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3.1.3. Determination of the Optimal Air Flow Rate

It is known that the higher the air flow rate passing through an HDH system, the
greater its productivity [50, 57-61]. This is because an increase in airflow rate intensifies
heat and mass transfer processes in the humidifier. As a result, more moisture is
transferred to the air in a heat exchanger. At the same time, when the air flow rate
increases in vertical tube direct contact heat exchangers, the liquid film flow is disrupted,
and simultaneous upward movement of water and air begins. This regime is called
“flooding” and is characterized by the detachment and entrainment of water bubbles by
the air flow, along with a sudden increase in hydraulic resistance. Operating an HDH
system under such conditions will lead to distillate contamination and increased energy
consumption.

Thus, when using a vertical tube as a humidifier, it is necessary to find an optimal
air flow rate that, on the one hand, ensures maximum HDH system productivity and, on
the other, prevents the onset of an inefficient flooding regime. To achieve this goal,
several experiments were conducted to measure the total air pressure losses in the
humidifier at various air velocities and water flow rates. The obtained results are shown
in Figure 3.2.

As seen from Figure 3.2, the experimental values of the total air pressure drop of
single-phase flow (m,, = 0 kg/h) almost coincide (error = 14%) with the frictional pressure

drop obtained with the following Darcy-Weisbach’s correlation:

APa,calc = O-Sfd_lpa,inwé,ina (3-4)
f = 0.3164Re;**. (3.5)

For the air in a tube humidifier, friction pressure loss is dominant. For engineering
calculations, the values of the hydrostatic pressure difference and the acceleration
pressure loss can be neglected.

The relationship between the experimental and calculated values of air pressure

drop for values across all studies is shown in Figure 3.3. The solid line represents the
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theoretical results. The closer a square is to the black line, the smaller the deviation

between AP, ¢4 and AP, ¢ It can be seen that the maximum discrepancy is 14%.
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Fig. 3.3. The relationship between AP ¢4, and AF, .4, in the humidifier during the

experiments



82
The mean absolute deviation, mean deviation, and root mean square deviation of
the heat balance based on water and air in the humidifier are determined using the

corresponding formulas:

eA — lZIOO‘A})a,calc - a,exp (36)
h ‘ a,exp ‘
_ l A})a,calc - A})a,exp

€ = 2100( AP ] (3.7)

GN:{ ! Z(e—eRfTs (3.8)

n—1

AP aic a,ex,
where e= 100[ @l =F ), n is the number of calculation points.

a,exp

The percentage of calculation points that match the experimental values within the
+14% error margin is also determined. The results of the air pressure drop uncertainty

calculations in the humidifier are summarized in Table 3.1.

Table 3.1. Uncertainties of the air pressure drop in the humidifier

Uncertainty Value
mean absolute deviation ea, % 7.7
mean deviation eg, % -7.2
root mean square deviation o, % 5.6
Number of points predicted within the margin of error £8% 6 or 100%

An analysis of Figure 3.3 and the data in Table 3.1 indicates that the air pressure

drop in the humidifier is determined with sufficient accuracy.
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The identification of the onset of the flooding regime is conducted under the
condition of equality between the superficial phase velocities of water and air, as
determined by Egs. (3.1) — (3.3).

At an air velocity in the tube of less than 5 m/s (j,<0.34), regardless of the water
flow, the total air pressure drop is equal to the pressure losses of a single-phase flow.
Under these parameters, the liquid film flows down almost without waves and does not
interfere with the movement of air (Fig. 3.4.a). As the air velocity increases further, the
total air pressure drop rises much faster than in a single-phase flow, and at water flow
rates above 50 kg/h, it becomes almost independent of the air flow rate. This is due to the
increasing amplitude and wave frequency on the liquid film surface. Additionally, the air
begins to entrain water from the wave crests in the surrounding area of the tube outlet.
The first appearance of single droplets from the wavy film surface is observed at
w,=6,18 m/s and j,=0.42 (Fig. 3.4.b). The droplets rise with the air flow to a small height

and then fall back down under the influence of gravity.

Water film flow Water film flow Water film flow

Fig. 3.4. Flow regimes in the tube humidifier:
a - film flow without waves; b — waves on the liquid surface; ¢ — “flooding”

regime onset
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At a water flow rate of 10 kg/h, the onset of the flooding regime is observed at
7=0,61 (w,=8.83 m/s, Re,~15254). Under these conditions, most of the liquid flowing to
the lower edge of the tube is entrained by the incoming atmospheric air and recirculates
back into the humidifier. As a result, a liquid layer forms at the bottom of the tube, through
which the air passes, leading to the flow flooding (Fig. 3.4.c). It should be noted that the
experimentally obtained values of Re,, corresponding to the onset of transition between
flow regimes, aligned with those reported in the study [70].

From Figure 3.1, it is evident that limiting the maximum air flow rate based on the
onset of the flooding regime is impractical, as a sharp increase in the total air pressure
drop (and consequently in fan power consumption) begins at lower air velocities.
Considering this, it is proposed to limit the maximum superficial phase velocity in the
humidifier to 0.34. Under this condition, contamination of the condensate by droplets

from saline water is prevented, and the lowest pressure losses are ensured.

3.2. Optimal MR Ratio

The mass flow rate ratio (MR) is one of the key indicators for evaluating the energy
efficiency of an HDH system. The MR value is calculated as the ratio between the saline

water flow rate and the external air flow rate:

MR =m,,/m,. (3.9

It is established that the lower the MR value, the higher the energy efficiency of the
HDH system [50, 58, 65, 78]. This is because a lower saline water flow rate through the
dehumidifier results in a higher outlet temperature of the water (Fig. 1.4). Consequently,
less heat is required in the heater to raise the water to the desired temperature. However,
for vertical tubes, the minimum water flow rate is determined by maintaining a continuous
falling film over the entire surface of the tube [75, 79].

As seen from Figure 3.5, the temperatures t,,;, and ¢, increase as MR decreases,

while the humidity value ¢,,,; remains constant. When the film breakup occurs (Fig. 3.6),
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the temperature #,,;, continues to rise, whereas the values ¢, ,,, and ¢, drop sharply. This
1s because the disruption of a continuous falling film reduces the intensity of the heat and
mass transfer process in the tube. As a result, the amount of heat transferred to the air in

the humidifier decreases.

40
) A
| A A
& 35 ] A A A
- ] 0
O 0o o g
. O
30 -
At ccot °C o %
wLin a.out out
. 105
Film Ereackup,
g.12
]
o - 95 %
X
. : 90 °
1 2 3 4

MR

Fig. 3.6. The onset of the film breakup at MR=2
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An analysis of Figures 3.7 and 3.8 shows that reducing the water flow rate (and
consequently the MR coefficient) leads to an overall increase in the humidifier efficiency.
Specifically, the mass flow rate of moisture Aw increases, the specific energy
consumption (SEC) decreases, while the thermodynamic and exergy efficiency of the
humidifier remain nearly unchanged. However, when the film breakup occurs (Fig. 3.6),
SEC sharply increases, while Aw, €ym > Nhum decrease significantly. This operating
regime is inefficient for an HDH system. Therefore, setting the minimum MR coefficient
for tube humidifiers at 2 is a reasonable approach. Under these conditions, a continuous

liquid film flow is maintained, ensuring the most efficient humidifier performance.
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Fig. 3.8. Impact of MR on the humidifier’s efficiency
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3.3. Energy Efficiency Indicators

We conducted a series of experiments to determine the maximum energy efficiency
of a tube humidifier. All experiments were carried out at a constant (optimal) air velocity
and water flow rate (w, = 5 m/s, m, = 11 kg/h, MR = 2). During the experiments, the
water temperature at the inlet of the humidifier ty i, was varied. The maximum t i, value
was limited to 60 °C to prevent scale formation in the system components [37]. The
required ty i value was set by adjusting the power Q,, of water to the flow heater (6) using
the regulator (5) (Fig. 2.2).

Let us consider the effect of ty i, on the energy performance of the tube humidifier.
As seen from Figure 3.9, the higher the ty i, in value, the higher the outlet air temperature
taout- This enhances heat and mass transfer processes in the humidifier and consequently
increases its performance (Fig. 3.10). At the same time, the specific energy consumption

of the humidifier remains nearly unchanged.
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Fig. 3.9. Impact of the supplied heat on the air and water parameters

As seen from Figure 3.11, the thermodynamic efficiency 71y, decreases with an
increase in ty in. This is due to the growing temperature difference (ty.in - ta.out) in the upper
part of the humidifier. According to Equations (2.17) — (2.19), as this temperature

difference (tw.in - taout) increases, the irreversibility of heat and mass transfer processes in
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the humidifier also rises. At the same time, the exergy efficiency &, remains practically

unchanged, with an average value of 0.58.
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Fig. 3.11. Impact of the supplied heat on the humidifier’s efficiency

3.4. Conclusions to Chapter 3

The experimental studies of the air humidification process in a film-type contact

heat exchanger allow the following conclusions to be drawn:
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1. The optimal value of the air superficial phase velocity in the tube humidifier
(7=0.34) has been established. Under this condition, the performance of the HDH system
will be maximum, and the air pressure drop will be minimal. At the same time,
contamination of the condensate by droplets from saline water has been prevented.

2. It has been shown that for air superficial phase velocity less than 0.34, the air
pressure drop in the humidifier can be determined with sufficient accuracy (error + 14%)
using Darcy-Weisbach’s correlation (3.4).

3. The minimum value of the mass flow rate ratio in the tube humidifier (MR=2)
has been established. Below this MR value, a continuous film flow is disrupted, resulting
in a deterioration of the intensity of heat and mass transfer processes in the tube.

4. The influence of the inlet water temperature on the energy efficiency of the
humidifier has been demonstrated. At higher values of #,,,, the humidifier performance
increases. At the same time, the specific energy consumption of the humidifier remains
nearly unchanged. The thermodynamic efficiency of the humidifier decreases with an

increase in ¢, ;,, While the exergy efficiency remains practically unchanged.
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CHAPTER 4. THERMODYNAMIC MODEL DESING AND CALCULATION
METHOD

4.1. Mathematical Description of the Model

A thermodynamic model of a tube humidifier was developed using the engineering
software PTC Mathcad. For the modeling, the following assumptions were made [80]:

- the HDH-system operates under steady conditions;

- heat losses from the equipment are neglected.

The model includes balance equations (4.2) and (4.3), and the amount of heat

transferred from the heated water to the air in the humidifier due to heat and mass transfer

[70].

Qw = Qa = Qnme- (4.1)

Qw = My Cpw,intw,in — My — Aw)Cy 1 outtw,out- (4.2)
Qa = (Mg + Aw)hgour — Mahain- (4.3)

Qnmt = Qevap + Qcon = Awhy; + hoon Frm AT, (4.4)

where Q4 18 the heat transferred by water evaporation into the air (W);
Q.on 1s the heat transferred to the air due to its heating (W).

The amount of moisture absorbed by the air is determined using the following
equation:

Aw = JFpme, 4.5)

The diffusion flux is calculated using the formula:

h
] = £ (pw,par - pa,par)- (4.6)

RU ta.aver

The partial pressure of water vapour in moist air along the interphase surface p.. par

is determined based on the average water temperature. The partial pressure of water vapor
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in the moist air away from the interphase surface p, . 1s assumed to be the arithmetic

mean of partial pressures at the air inlet and outlet of the humidifier:

Papar = 0-5(pa,in,par + pa,out,par)- (4-7)

The pressures pg inpar A0d poouspar are determined by the temperatures 7, and ¢, ou,
respectively.

The correlations for determining the heat and mass transfer coefficients are derived

from [70]:

h, = ShD/d, (4.8)
h.on = Nud/d, (4.9)
where
Sh = 0.009Reg®Ref*°Sc3*, (4.10)
Nu = 0.009Reg8Ref o Pr, (4.11)

The experimental results indicate that the tube humidifier operates most efficiently
at a constant air velocity (j,=0.34, section 3.1), and a constant water flow rate (MR=2,
section 3.2). Additionally, the operational temperature range for air and water in HDH
systems varies between 20...60 °C [81]. This allows assuming constant values for wy,
MR, v,, Sc, and D. By substituting these into Equations (4.8) and (4.9), a simplified

empirical formula for engineering calculations is obtained:

hy = 0.0246d004, (4.12)
hopn = 2647004, (4.13)

The model validation was carried out by comparing the experimental and calculated
values of air and water temperatures at the humidifier outlet. As seen in Figure 4.1, all
the temperatures align within the accuracy of 4. The only exception is the point at which

the film breakup occurs.
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The mean absolute deviation, mean deviation, and root mean square deviation of
air and water temperatures at the humidifier outlet are determined using the following

formulas:

1 ticac _tiex

e, == 100 “—=2 (4.14)
n zLz',exp
1 ticac_tiex

e, :;ZIOO % (4.15)

i,exp

aN:[ ! Z(e—eR)sz (4.16)

n—1

ti calc iex, . .
where e=100 % , n is the number of calculated data points.

i,exp
The percentage of calculated data points that match the experimental values within
an error margin of 4% 1is also determined. The results of the error analysis of air and

water temperatures at the humidifier outlet are summarized in Tables 4.1 and 4.2.

50 - -
] +4% &,
45 -
] o B
] .7 - -4%
a0 | _ =y ’
1 Film breackup e
é‘ 35 __ "’ "d'
(] g ~ 4 -
- ] ot
30 . ’," a.out
J 0 - . <>tw.out
25 -: " .."D
20 'r,
20 25 30 35 40 45 50
texp, °C

Fig. 4.1. Validation of the thermodynamic model with experimental data



Table 4.1. Uncertainties of the air temperature at the humidifier outlet

Uncertainty Values
mean absolute deviation ea, % 2.6
mean deviation eg, % 1.0
root mean square deviation oy, % 5.6

number of data points that are generalized within an error margin of
+4%

13 or 100%

Table 4.2. Uncertainties of the water temperature at the humidifier outlet

Uncertainty Value
mean absolute deviation ex, % 1.9
mean deviation eg, % -04
root mean square deviation o, % 4.2

number of data points that are generalized within an error margin of
+4%

13 a6o 100%

An analysis of Figure 4.1 and the data in Tables 4.1 and 4.2 indicates that the

developed mathematical model is sufficiently accurate.

4.2. Results of Mathematical Modeling

4.2.1. Optimal Geometric Dimensions of the Humidifier

The following input data have been adopted for modeling the operation of the film

humidifier [82]:
- water inlet temperature ¢,,;, = 60 °C;
- constant air velocity and water flow rate: j, = 0.34, MR=2;
- external air parameters ¢, ., = 25 °C, ¢4in = 50%;

- air humidity at the humidifier outlet ¢, o, = 98%.
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The modeling results provide values #,,, and ¢,., for different geometric
dimensions of the humidifier. Based on these results, the following energy characteristics
of the humidifier are determined:

- performance Gy, (eq. 2.6);

- evaporation rate per unit humidifier volume ER (Eq. 2.15);

- humidifier efficiency #pm (Eq. 2.17);

- exergy efficiency enm (Eq. 2.20).

- gain output ratio:

Grwh
GOR = 2. (4.17)
Qw
- electric energy consumption:
Negn + N
SEC =Len __pump (4.18)

Grw
where N¢ gy, is the fan electric power, which is calculated using the following formula:

1 G,AP,

=-—"_. 4.19
l 77fanpa.in ( )

fan

where AP, denotes specific acrodynamic pressure losses in the humidifier (Eq. 3.4);

Nran 18 the efficiency of the fan according to the specifications (Chapter 2.1).

Npumyp 18 the water pump electric power, which is determined by the formula:

Gy, AP,
Nfan = v . (4.20)
77pumppw.in
where AP, is the pressure losses in the water flow. For a vertical tume-type humidifier, it

can be expressed as follows:
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AP, = 1.1p,, ingh. (4.21)

Npump 18 the efficiency of the diaphragm pump according to the specifications
(Chapter 2.1).

The results of modeling are shown in Figures 4.2 —4.7.

As seen from Figure 4.2, the larger the values of d and /4, the more moisture is
absorbed by the air. A larger diameter allowed more air to pass through, and a higher tube
improves the heat and mass transfer efficiency. However, with large diameters (d > 50 mm),
the air volume passing through the central part of the tube cannot reach saturation due to
insufficient contact area with the water and limited interaction time. Under these conditions,

Equations (29) — (34) start to give inaccurate results and require refinement [40].

d,mm

Fig. 4.2. Impact of geometric parameters on the humidifier performance

With the same diameter, the performance of two 1 m high tubes is greater than that
of one 3 m long tube (Fig. 4.2). This 1s due to the fact that ER for the 1 m tube is the
largest (Fig. 4.3).

Although the performance of the humidifier increases with its diameter (Fig. 4.2),

the evaporation rate is almost independent of the diameter (puc. 4.3). This is because an
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increase in performance is solely due to an increase in the geometric volume of the

humidifier caused by the diameter, and an increase is linear in nature.

= |=1m I=2m == [=3m

1000%

900
800

ER

700
600

500 - . - : : -

d, MM

Fig. 4.3. Impact of geometric parameters on the evaporation rate

A different situation is observed with changes in the height of the humidifier. As
seen from Figure 4.3, with a decrease in the height of the humidifier, the value of ER
increases. Thus, although increasing the height leads to an increase in the humidifier's
performance, it is inefficient in terms of the use of the humidifier’s volume.

Therefore, it is not advisable to increase the height of the tube by more than 1 m; it
1s better to increase the number of tubes.

Figure 4.4. shows a change in the energy efficiency coefficient of the humidifier
(GOR) depending on the diameter and height of the tube. It can be seen that all three
curves (for different lengths) practically coincide. The value of GOR = (0.78 remains
constant even when the diameter changes from 20 to 50 mm. This indicated that changes
in geometric dimensions do not affect the thermal efficiency of the film-type humidifiers.
In other words, an increase in the supplied heat directly contributes to increasing

performance but does not change the efficiency of thermal energy conversion.
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Fig. 4.4. Impact of the geometric parameters on GOR

As seen from Figure 4.5, the specific energy consumption practically does not
depend on the height of the humidifier. The main reason for this is the low pressure losses
of air and water in the heat exchanger. Such low pressure losses do not have a noticeable
effect on electricity consumption when the tube height changes.

In contrast, with an increase in the humidifier diameter, the specific energy
consumption increases (Fig. 4.5). This is explained by an increase in the air flow rate that
must be pumped through the humidifier. According to (4.19), the greater the flow rate,

the higher the energy costs for its movement.

0.03% - T *

0.02;

SEC

0.014

20 30 40 50

d, MM

Fig. 4.5. Impact of the geometric parameters on electric energy consumption



98
As seen from Figures 4.6 and 4.7, the influence of the humidifier’s geometric
dimensions on &pm, and #u,, 1s similar. As the diameter d increases, both indicators

decrease, while an increase in the tube length / results in their growth.
1 o 4

0.751

nhur‘l‘l

0.25 - : -
20 30 40 50

d, mm
Fig. 4.6. Impact of the geometric parameters on thermodynamic efficiency
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Fig. 4.7. Impact of the geometric parameters on exergy efficiency

Analyzing the graphs in Figures 4.2 — 4.7, it can be concluded that the optimal
geometric dimensions of the tube film humidifier are a diameter of d = 50 mm and a
height of / = 1 m. With these parameters, the volume of the humidifier is utilized most
efficiently, allowing for its high performance with minimal thermal and electrical energy

consumption.
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The only drawback of this configuration is its relatively low thermodynamic and
exergy efficiency. However, if the renewable solar energy is used to heat the water and

power the pump and fan, this drawback can be considered negligible.

4.2.2. Influence of External Air Parameters on the Humidifier Efficiency

The influence of ambient air parameters (¢, Ta ¢,in) On the energy performance of
the film humidifier was investigated. The simulation of its operation was conducted using
the following initial conditions [82]:

- water inlet temperature ¢,,;, = 60 °C;

- constant air velocity and water flow rate: j, = 0.34, MR=2;

- air humidity at the humidifier outlet @, o = 98%;

- diameter d = 50 mm and height / =1 m.

During the modeling, the ambient air parameters varied as follows:

-ty = const =25 °C, ¢, = var (Fig. 4.8);
- Qqin = const = 50%;t, ., = var (Fig. 4.9).

4fl JL2
——) 2

3] 1
= (7
2 9 0 %
E
o

1 =1

0 - ; ; - - -2

20 30 40 50

ta1, °C

Fig. 4.8. Dependence of GOR and Gy, on #,; atd =50 mm and /=1 m:
1 - wa; 2—GOR
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Fig. 4.9. Dependence of GOR and Gp, on ¢, in at d =50 mm and /=1 m:
1 — G4 2— GOR

Figures 4.8 and 4.9 demonstrate that the temperature of the ambient air (¢,,) have
minimal influence on the system performance. In contrast, as the relative humidity (¢g,i,)
increases, the productivity of the humidifier decreases. This is due to the fact that a high
moisture content in the ambient air reduces the amount of water vapor that can be
transferred from the hot water to the air within the humidifier. At the same time, the value
of GOR increases slightly with rising ¢, ;, and ¢, ;. This outcome can be explained by the
fact that during sensible heating and humidification, air becomes lighter. Consequently,
at a constant velocity inside the tube (j, = 0.34), the mass flow rate of the air Ga decreases,
which in turn reduces the mass flow rate of the water G,, (since G,, = 2-G,). As discussed
in Chapter 3.2, a lower G,, requires less heat to raise the water temperature to #,,,. It
should be noted that this influence of air density on GOR variation is characteristic when
the air velocity at the inlet of the humidifier is kept constant. However, if the air mass
flow rate is controlled directly, then changes in ¢,;, and ¢, do not affect the GOR

coefficients.
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4.3. Development of a calculation method

The results obtained from experimental studies and numerical modeling provide a
solid foundation for proposing a method for calculating the performance of film-type
humidifiers, as outlined below. The development of this method is based on the following
assumptions [49, 80, 82]:

— the humidifier operates under steady-state conditions;

— heat losses from any equipment are neglected;

— the relative humidity of the air exiting the humidifier is assumed to be 100 %.

The input parameters for the calculation include:

- inlet water temperature ¢, ;,, °C;

- inlet air temperature 7, ,, °C;

- relative humidity of the inlet air wg in, %.

- diameter of the tube humidifier d, m;

- height of the tube humidifier /, m.

The proposed calculated method consists of the following steps (Fig. 4.10):

1. Determination of the mass flow rate of the air:

mg = FhumWapa,ini (4-22)

where Fy,,, = 0.25md? is the cross-sectional area of the humidifier, m?.
Air velocity w, is determined by the formula (3.2), assuming that superficial air
velocity is j, = 0.34:
Wy = ] (4.23)
! Pi,in ]
(pw,in - pa.in)dg

2. Determination of the mass flow rate of the water:

m,, = MRm,, (4.24)
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MR = 2.

3. Specification of the air and water outlet temperatures from the humidifier:

La.out = tw.in — 5 OC;

twout = tain T 5 °C.

4. Calculation of the heat and mass transfer coefficients h; and h.,, by new
simplified empirical formulas (4.12) and (4.13), respectively.
5. Determination of the humidifier productivity (the amount of moisture absorbed
by the air):
hqF
Aw = dt hmt

tha.aver

(pw,par - pa,par)- (4-25)

6. Calculation of the heat transferred by water evaporation into the air Q,q, and

heat transferred to the air due to its heating Q,, according to the formulas:

Qevap = Awhy,, (4.26)
Qcon = heonFrnmtAT. (4.27)

7. Determination of the amount of heat transferred from the heated water to the air
in the humidifier due to heat and mass transfer by the formula (4.4).

8. Calculation of the heat input to water in the flow heater:

Qw = Cow [mw (tw,in - tw,out) + Awtw,out]- (4.28)

9. Determination of total heat transferred to the air in the humidifier:

Qq =My (ha,out - ha,in) + A(")h'a,out- (4.29)
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START
Input data: h, d, tw.in, ta.in, Wa,in

\4

Assume values jz=0.34 and MR=2

A 4

Calculate ma (4.22) and mw (4.24)

A 4

Assume value of wa,out=100%

Y

Assume values of ta out and tw,out

\4

Estimate Qa (4.29) and Qw (4.28)

\ 4

Evaluate hcon (4.13) and Qcon (4.27)

v

Calculate hqg (4.12) and Qevap (4.26)

A 4

Estimate Qumt (4.4)

Correct values

of ta,0ut @and tw,out

Calculate Aw (5), ER (2.15), €num (2.20), Nhum (2.17),
AP, (3.14), AP,, (4.12), GOR (4.17), SEC (4.18).

END

Fig. 4.10. Aalgorithm for calculating the tube humidifier performance parameters
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10. Verification of the humidifier’s heat balance conducted using Equation (4.1). If
the deviation between the results obtained from the balance equations (4.28) and (4.29)
and the heat and mass transfer equation (4.4) is less than 0,5%, the calculation is
considered complete. In the case of a larger discrepancy, it is necessary to refine the
values of the air and water temperatures at the humidifier outlet and repeat steps 4
through 9.

11. After the thermal balance is reconciled, the energetic parameters of the
humidifier are determined:

- productivity Gy, kg/h;

- evaporation rate per unit humidifier volume ER, kg/(h-m?), Eq. (2.15);

- efficiency #pm, Eq. (2.17), and exergy efficiency enm, Eq. (2.20);

- gain output ratio GOR, Eq. (4.17);

- electric energy consumption SEC, kW-h/kg, Eq. (4.18):

- specific aerodynamic pressure losses AP,, Pa/m, Eq. (3.4);

- water head losses AP,,, kPa, Eq. (4.21).

The calculation algorithm for the tube humidifier is shown in Fig. 4.10.

4.4. Conclusions to Chapter 4.

1. A thermodynamic model of the humidifier has been developed based on the heat
and mass transfer equations. New empirical relations (4.12) and (4.13) have been
suggested for a mathematical model of the film humidifier. These formulas are
recommended to be applied for tubes (with a diameter from 20 to 50 mm and a length
from 1 to 3 m) under the following operating conditions of the HDH system: ja < 0.34,
MR <2, and ¢, < 60 °C. For other conditions, the proposed mathematical model needs
to be refined.

2. The results of modeling have demonstrated that the evaporation rate (ER) of the
film humidifier is almost independent of the tube diameter but varies with height. The

maximum value of ER is observed at a height of h=1 m. The gain output ratio (GOR)

remains constant and is not influenced by the geometric parameters of the humidifier. In
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contrast, the specific energy consumption (SEC) shows no dependence on the height of
the tube, although a slight influence of the tube diameter has been observed.

3. The optimal geometric parameters of a tube film humidifier for HDH systems
are a tube diameter of 50 mm and a height of 1 m. These dimensions have ensured the
maximum productivity with minimal specific thermal and electrical energy consumption.

4. The ambient air temperature ?#,; has almost no effect on the humidifier’s
productivity, whereas an increase in relative humidity ¢, ;, leads to a reduction in the value
of Gy,. However, as both #,;, and ¢, increase, the energy efficiency coefficient ( GOR)
also increases. Consequently, the amount of heat required to raise the water temperature
to tw.in 1n the heater decreases.

5. The proposed calculation method for film humidifiers makes it possible to
determine the key performance parameters by taking into account the main
hydrodynamic, thermal, and mass transfer processes. The method is based on
experimentally validated assumptions, empirical correlations for heat and mass transfer

coefficients, and the energy and mass balances of the system components.
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5. COMPARATIVE ANALYSIS OF THE HUMIDIFIERS’ PERFORMANCE

5.1. Comparison of a Film Humidifier with Packed Bed Humidifiers

For comparison, we selected the experiments where the water temperature, air

temperature, and mass flow rate ratios were approximately the same. The following

packing materials met these conditions.

1. Cellulose pads from [78] and [65]. Cellulose pads are manufactured from a natural

organic material — cellulose paper (Fig. 5.1). The advantages of cellulose pads include high

efficiency, cost-effectiveness, and low energy consumption. However, this packing

material also has several drawbacks: the need for regular maintenance, frequent

replacement, and susceptibility to algae growth under humid conditions.

The humidifier with cellulose pads investigated in [78] has cross-sectional

dimensions of 122x30.5x30 cm?. Inside the humidifier, three cellulose pads with a total

height of 65 c¢cm are installed. The total volume of the packing material is 0.06 m>. The

operating conditions and energy characteristics of the humidifier are presented in Table 5.1.

Fig. 5.1. Cellulose pads from [78]

Table 5.1. Performance indicators of the humidifier from [78]

Vol GOR .
Or;lline’ Ga ke/h | Gr,ke/h | MR | ER, ke/(m’h) I

198 2.7 1.35 454 0.335 0.54

0.06 237.6 2.3 1.83 47.6 0.351 0.34

288 2.8 2.27 47.8 0.353 0.25
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The authors in [65] investigated another form of cellulose pads — honeycomb. This
packing material features a structured honeycomb lattice geometry (Fig. 5.2), which
provides a large specific surface area, efficient water evaporation, and uniform airflow
distribution. Due to its porous structure and high moisture retention capacity, honeycomb
cellulose paper is widely used in evaporative cooling and air humidification systems. The
geometric dimensions and description of the humidifier with honeycomb cellulose pads
studied in [65] are provided in Section 3.1. The operating parameters and energy
characteristics of the humidifier are presented in Table 5.2. The thermodynamic efficiency

of the humidifier during the experiments was 0.61.

Fig. 5.2. Packing material with honeycomb cellulose paper [65].

Table 5.2. Performance indicators of the humidifier from [65]

Volll‘ll?le’ Ga, ke/h | Gay, ke/h MR | ER,kg/(m’h)
10 2 5.1 16.1
0.06 9 1.6 5.7 12.8
8.28 1.4 6.2 11.2

2. Paddy grass, as studied in [60], is an agricultural by-product consisting of the dry
stalks of rice plants left after harvesting. It represents nearly half of the total biomass yield
of crops such as rice, barley, oats, and wheat. This packing material is widely available,
cost-effective, easy to use, and environmentally friendly. The actual appearance of the
paddy grass material is shown in Figure 1.19. It can be arranged in a humidifier either

horizontally or vertically.
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In study [60], a total of 1600 paddy grass stalks were used, each with a diameter of

5 mm and a length of 0.4 m. The packing density of paddy grass was 157 m?/m?, a with a
total surface area of 10.05 m? (Fig. 5.3). The geometric dimensions and description of the
humidifier filled with paddy grass are presented in Section 3.1. The operating parameters
and energy characteristics are summarized in Table 5.3. The thermodynamic efficiency of

the humidifier varied between 0.65 and 0.95 during the experiments.

Fig. 5.3. Paddy grass as packing material from [60]

Table 5.3. Performance indicators of the humidifier with paddy grass from [60]

Volume,

e Ga, kg/lh | Gy, kg/h MR ER, kg/(m*h)
21.6 0.3 1.1 4.68
39.6 0.32 1.5 5
54 0.34 2 5.31
72 0.35 24 547
0.16 90 0.39 2.9 6.09
100.8 0.48 34 7.5
122.4 0.55 3.8 8.59
136.8 0.6 4.3 9.37
154.8 0.72 4.7 11.25

3. Hydrophobic plastic in the form of hackettes was investigated in [61]. Hackettes
are third-generation packing material. They have a hollow spherical shape and are
manufactured by injection molding (see Fig. 5.4). Hackettes are characterized by a high

specific geometric surface area, low hydraulic resistance, and minimal pressure drop.
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Additionally, they exhibit good water retention capacity and provide complete surface
wetting during operation.

For the samples used in [61], the void fraction was 92%, and the specific surface
area was 280 m?*m? The geometric dimensions and a detailed description of the
humidifier filled with hydrophobic plastic hackettes are provided in Section 3.1. The
operating parameters and energy characteristics of the humidifier are presented in

Table 5.4.

Fig. 5.4. Hydrophobic plastic packing material in the form of hackettes [61]

Table 5.4. Performance indicators of the humidifier with hackettes [61]

Volll‘i?le’ Gukeh | Gu.kg/h | MR | ER kg/(m'h) | ~fePa/m
20.16 0.41 0.6 57 39
216 0.45 0.57 63 45
23.04 0.48 0.53 67 52

0.0072 ™54 43 0.53 0.5 74 58
25.9 0.5 0.47 69 65
27.36 0.48 0.45 67 73

4. ABS plastic as a packing material [63]. Acrylonitrile Butadiene Styrene (ABS)
plastic was investigated in [63] as an effective packing material for use in humidification-
based desalination systems. Its key advantages include mechanical strength, excellent
resistance to impact, wear and moisture, and relatively low cost, making it a promising
choice for small-scale applications. The packing material examined in [63] has a specific
surface area of 226 m?/m?® (Fig. 5.5) and is capable of withstanding temperatures up

to 80 °C, as specified by the manufacturer. The geometric parameters and construction
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details of the humidifier filled with ABS plastic are provided in Section 3.1. The
operational and energy performance characteristics are summarized in Table 5.5. The
thermodynamic efficiency of the humidifier ranges from 0.7 to 0.9, while the average

GOR value 1s 0.49.

Fig. 5.5. ABS plastic from [63]

Table 5.5. Performance indicators of the humidifier with ABS plastic [63]

V"L‘;?le’ Gukeh | Gu.kg/h | MR | ER, kg/mdh) | OOR | 7mn
727 52 2.34 10.5 08 | 0725

61.9 5 2.75 10.1 075 | 077

0.5 43.6 4.7 35 95 0.65 | 085
41 44 4.15 3.9 0.62 | 087

274 35 6.22 7.1 046 | 009

5. Rushing packing from [83]. Raschig rings represent a classical type of packing
material characterized by their simple cylindrical shape with a height-to-diameter ratio of

1:1 (Fig. 5.6).

Fig. 5.6. Rushing packing from [83].



111

Due to their durability and cost-effectiveness, Raschig rings are widely employed

in the mass transfer processes. In the study [83], the humidifier tower with a height of
1 m and a diameter of 0.25 m was filled with metal Raschig rings. The total volume of
the packing material amounted to 0.2 m®. The operating conditions and energy
performance characteristics of the humidifier equipped with rushing packing are

presented in Table 5.6.

Tabla 5.6. Performance indicators of the humidifier with rushing packing from [83].

Voﬂgn © | G,kgh | Gu,ke/h | MR | ER, kg/(m’h)
202 14.4 1.65 71
233 16.7 1.43 82
0.2 264 18.6 1.27 92
' 202 15.8 2.51 78
233 18 2.18 &9
264 204 1.92 101
1000 -
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Fig. 5.7. Comparison of the evaporation rate of the packed bed humidifiers:
1 — film type; 2 — cellulose pads, [78]; 3 — honeycomb cellulose paper, [65]; 4 — paddy
grass, [60]; 5 — hackettes, [61]; 6 — ABS plastic, [63]; 7 — rushing packing, [83].

Let us compare the performance indicators of the film humidifier with those of the

packing materials described above. Figure 5.7 illustrates the variation in evaporation rate
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(ER) as a function of the mass flow ratio (MR). It can be observed that across the entire
MR range, paddy grass, ABS plastic and honeycomb cellulose paper exhibit the lowest
ER values, which are nearly 10 kg/(m*-h). Humidifiers with cellulose pads, hackettes and
rushing packing have ER values around 100 kg/(m?*-h). The highest ER values —
exceeding 600 kg/(m?-h) — are achieved by the proposed film humidifier when the inlet
water temperature is 60 °C. Considering a typical inlet water temperature range of 30-
60 °C, which corresponds to the operating conditions of HDH systems with solar water
heaters, the ER values for a film humidifier fall within the range of 200-800 kg/(m?-h).
Therefore, a film humidifier demonstrates significantly higher evaporation rate
(ER) values than those of all the other packing materials. This enhanced performance is
attributed to the efficient utilization of the internal volume of the film humidifier as an

active heat and mass transfer zone during the evaporation of moisture from water into air.
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Fig. 5.8 Comparison of the thermodynamic efficiency of packed bed humidifiers:
1 — film type; 2 — cellulose pads, [78]; 3 — honeycomb cellulose paper, [65];
4 — paddy grass, [60]; 5 — ABS plastic.

Figure 5.8 illustrates the variation of thermodynamic efficiency as a function of the
mass flow ratio (MR). Across the entire MR range, cellulose paper exhibits the lowest
values of thermodynamic efficiency (#.,), which is nearly 0.4. Slightly higher efficiency

is observed for honeycomb cellulose paper, with #,,, = 0.61. The highest thermodynamic
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efficiency (#pum) 1s demonstrated by the film humidifier, paddy grass, while the ABS
plastic shows the highest value (around 0.8). The maximum value of thermodynamic
efficiency (7mm = 0.95) is achieved using the natural packing material — paddy grass.

Thus, the film humidifier achieves a thermodynamic efficiency comparable to that
of the best-performing packing materials, confirming the high effectiveness of heat and

mass transfer processes in film humidifiers under the typical operating conditions of HDH

systems.
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Fig. 5.9 Comparison of the air pressure drop of the packed bed humidifiers:
1 — film type; 2 — paddy grass, [60].

Figure 5.8 shows the variation in evaporation rate as a function of air pressure drop.
It can be seen that paddy grass creates an aerodynamic resistance nearly four times higher
than that of the film humidifier, while the film humidifier demonstrates significantly
higher evaporation efficiency.

Thus, the film humidifier exhibits the lowest aerodynamic resistance among all the
considered packing materials, which contributes to the reduced energy consumption of
the fan supplying air through the humidifier in the HDH desalination system.

Based on the analysis of Figures 5.7 — 5.9, it can be concluded that under the typical
operating parameters of HDH systems, the film humidifier achieves the highest
evaporation rate, the lowest air pressure drop, and thermodynamic efficiency comparable
to the best-performing packing materials commonly used in thermal desalination.

Furthermore, the film humidifier has the lowest hydraulic losses on the water side, since



114
— unlike conventional packing materials — it does not require water spray nozzles for
operation. The required water pressure is generated solely by lifting the water to a

specified height within a supply tube.
5.2. Comparison of a Film Humidifier with Bubble Columns

Among the studies reviewed in Section 1.3, only two papers — [50] and [64] —
investigating the operation of bubble column humidifiers provided comparable
experimental conditions, where the water temperature, air temperature, and mass flow
rate ratios are approximately the same as in the current research.

In study [50], the humidifier was constructed using a mild steel sheet with a surface
area of 0.09 m? and a height ranging from 0.5 m at one end to 0.6 m at the other end. It
provided an inclined top cover that channeled the condensate to the distillate collection
tray. A bubble column with a diameter of 0.039 for air supply was installed at a height of
0.12 m from the humidification chamber bottom. Saline water was fed into the humidifier
column from a storage tank. The humidifier was connected to the dehumidifier viaa 0.076
m diameter pipe. Fins were attached to the bottom of the humidifier (Fig. 5.10) at uniform
intervals to enhance the heat absorption rate from the combustion chamber. The
humidifier is insulated with jute rope to minimize heat losses.
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Fig. 5.10. Bubble column from [50].
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For comparison, we selected the data corresponding to the optimal humidifier
geometry (water column height of 160 mm, bubble column orifice diameter of 1 mm),
and the optimal operating parameters of HDH systems (cooling water flow rate of
209 kg/h, inlet water temperature of 60 °C). The operating parameters and energy
performance characteristics of the humidifier under these conditions are presented in

Table 5.7.

Table 5.7. Performance indicators of a bubble column humidifier [50].

Volll‘lline’ Gakeh | Gu.kg/h | MR | ER, kg/(m*h) | Far KP&/M [ than
50.4 535 | 4l 372 7 0.915

54 515 | 3.9 357 9 0.925

0.015 57.6 5.8 36 403 I 0.93
612 6 34 417 13 0.94

64.8 615 | 32 27 15 0.97

The geometric dimensions and description of a two-stage bubble column humidifier
investigated in [64] are presented in Section 3.1. The optimal operating parameters and

energy performance characteristics of the humidifier are provided in Table 5.8.

Table 5.8. Performance indicators of a bubble column humidifier from [64].

Volume, | o/ | G ke/h | MR | ER, ke/(m*h) | GOR | SEC KFWh/kg
m
0.00125 2 0.38 i 306 0.33 236
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Fig. 5.11 Comparison of the evaporation rate of bubble columns:

1 — film type; 2 — biomass bubble column [50]; 2 — two-stage bubble column [64].
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Let us compare the performance indicators of the film humidifier with those of the
bubble column humidifiers described above. Figure 5.11 shows the variation of the
evaporation rate as a function of the mass flow ratio. It can be seen that the ER values for
the bubble column humidifiers are significantly higher than those of the packed bed
humidifiers (Fig. 5.7) and are comparable to those of the film humidifier — around
300 kg/(m?-h). This indicates equally high efficiency in utilizing the physical volume of

both bubble column and film humidifiers for heat and mass transfer.
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Fig. 5.12 Comparison of the thermodynamic efficiency of bubble columns:

1 — film type; 2 — 2 — biomass bubble column [50].

Figure 5.12 illustrates the variation of thermodynamic efficiency concerning the
mass flow ratio. It is evident that the bubble column demonstrates the highest #;,,, values,
approaching 1. On average, the thermodynamic efficiency of the film humidifier is
approximately 20% lower.

Thus, bubble columns provide a higher rate of heat and mass transfer between air
and hot water. This is attributed to the intensive contact between air and fine water
bubbles, which creates a large interfacial area and promotes effective air humidification.

Figure 5.13 shows the change in evaporation rate as a function of air pressure drop.

It is clear that to achieve the same level of evaporation efficiency, the aerodynamic
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resistance in the bubble column is twice as high as that of the film humidifier. This leads
to a significant increase in fan energy consumption required to feed air through the

humidifier in the HDH desalination systems.
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Fig. 5.13. Comparison of the air pressure drop in bubble columns:

1 — film type; 2 — biomass bubble column [50].

Based on the analysis of Figures 5.11 — 5.13 and the data presented in Tables 5.7
and 5.8, it can be concluded that, under typical operating conditions of HDH systems,
bubble column humidifiers demonstrate the highest thermodynamic efficiency and
comparable evaporation rates to the film humidifiers. However, achieving such high
efficiency is accompanied by a significantly higher air pressure drop, which leads to
increased specific energy consumption of the system and a decrease in the energy

efficiency ratio of the humidifier.

5.3. Comparison of a Film Humidifier with Atypical Designs

Among the studies reviewed in Section 1.3, four articles have been found to meet
the comparable experimental conditions (experiments where the water temperature, air
temperature, and mass flow rate ratios were approximately the same) and investigate the
humidifiers with atypical designs: rotating [62], multi-string [51], ultrasonic [57] and

porous [58].
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The geometric dimensions and description of the rotating humidifier studied in [62]
are provided in Section 3.1. The design features of the humidifier are shown in Figure 1.22.

The operating parameters and energy performance characteristics are presented in

Table 5.9.

Table 5.9. Energy performance characteristics of a rotating humidifier [62].

Volume, m® | G, kg/h | Ggy, kg/h | MR | ER, kg/(m’h)
11.5 1.24 1.2 3.43
158.4 0.84 1.3 2.33
0.36 136.8 0.64 1.6 1.77
111.6 0.5 2.0 1.3
90 0.46 2.7 1.27

A multi-string humidifier studied in [51] consists of a vertical acrylic cylindrical
air duct with an internal diameter of 6.35 cm, an upper water reservoir, a lower chamber
with flow conditioners to ensure uniform air distribution, and a square array of 24 cotton
strings with a radius of 0.375 mm (Fig. 5.14). The spacing between the strings is 10 mm.
All the strings are fixed to a metal rod to maintain tension. A circulating bath is used to
heat the feed water and pump it into the upper reservoir. The heated liquid is split into
several streams using a row of nozzles embedded in the upper tank. As the liquid flows
downward along the strings under the gravity, it forms moving liquid beads due to inherent
instabilities caused by the interaction of surface tension, viscosity, gravity, and inertia
forces. The operating parameters and energy performance characteristics of the humidifier

are presented in Table 5.10.

Table 5.10. Energy performance characteristics of the multi-string humidifier from [51].

Volume, AP, Pa/ o

01;5“ © | Gukgh | Gg,kg/h | MR | ER, kg/(mh) | “Fa "M | 7h
4.1 2.1 198 0.17
6.1 1.4 220 0.25

- 8.1 - 1.0 246 0.36 0.62
10.2 0.85 258 0.54

12.1 0.71 280 0.72
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Fig. 5.14. Schematic of a multi-string humidifier [51].

The geometric dimensions and description of an ultrasonic humidifier studied in [57]
are provided in Section 3.1. The design features of the humidifier are shown in Figure 1.16.
The operating parameters and energy performance characteristics of the humidifier are

presented in Table 5.11.

Table 5.11. Energy performance characteristics of the ultrasonic humidifier [57].

Volume,

3 Ga, kg/h | Gey, kg/h | MR | ER, kg/(m’h)

324 0.72 2.78 30.6

36 0.77 2.5 32.5

39.6 0.96 2.27 40.5

0.024 46.8 0.92 1.92 38.8
504 0.91 1.79 38.4

57.6 0.84 1.56 354

61.2 0.76 1.47 32.0
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The geometric dimensions and description of a porous humidifier studied in [58] are
provided in Section 3.1. The design features of the humidifier are shown in Figure 1.17.
The operating parameters and energy performance characteristics of the humidifier are

presented in Table 5.12.

Table 5.12. Energy performance characteristics of a porous humidifier [58].

Vogne’ Ga kg/h | Gy, kg/h | MR | ER, kg/(m’h)
20.52 0.35 3.86 2.2
30.96 0.52 2.56 3.3
0.16 41.4 0.74 1.91 47
51.84 0.58 1.53 3.7
62.28 0.46 1.27 2.9
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Fig. 5.15 Comparison of the evaporation rate of atypical humidifiers: 1 — film type;

2 — multi-string [51]; 3 — rotating [62]; 4 — ultrasonic [57]; 5 — porous [58].

Let us compare the performance indicators of the film humidifier with that of the
atypical designs described above. Figure 5.15 shows the variation of the evaporation rate
(ER) depending on the mass flow ratio (MR). It is evident that across the entire MR range,
the rotating and porous designs demonstrate the lowest ER values — approximately 4-

5 kg/(m*-h). An ultrasonic humidifier shows ER values of around 40 kg/(m?*-h).
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The ER values for the multi-string humidifier are on the same level as those for the

film humidifer — around 200-300 kg/(m?-h). It is worth noting that in [51], the multi-string
humidifier was studied at the inlet water temperature of 90 °C, whereas the proposed film
humidifier was rested at 60 °C. In addition, the ER values of atypical designs (except for
the multi-string) are significantly lower than those of the packed bed materials (Fig. 5.7)
and bubble columns (Fig. 5.11). This calls into question the feasibility of complicating

humidifier designs without a substantial improvement in their performance.
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Fig. 5.16. Comparison of the air pressure drop of multi-string and film humidifiers:

1 — film type; 2 — multi-string [51].

Figure 5.16 demonstrates the variation of the evaporation rate depending on the air
pressure drop. It can be seen that the multi-string humidifier generates the lowest
aerodynamic resistance among all humidifier designs. At the same time, the evaporation
efficiency of the film humidifier is 2.5 times higher.

Based on the analysis of Figures 5.15-5.16 and the data from Tables 5.9-5.12, it
can be concluded that under typical operating conditons of HDH systems, the multi-string
humidifier demonstrates the performance comparable to that of the film humidifier. Other
atypical designs significantly underperform non only compared to the film humidifier,
but also to packed bed humidifiers and bubble columns. Furthermore, their use is

associated with increased energy consumption of the system.
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5.4. Conclusions to Chapter 5

1. A comparison of the energy efficiency indicators of different types of humidifiers
has showen that the film humidifier demonstrates the highest ER across the entire range
of MR variations.

2. Compared to the packed bed humidifiers, the film humidifier has exhibited the
lowest air pressure drop, the smallest hydraulic losses on the water side, and comparable
thermodynamic efficiency.

3. In comparison with bubble column humidifiers, the film humidifier has also
demonstrated the lowest air pressure drop. However, it lagged behind in thermodynamic
efficiency due to more intensice heat and mass transfer processes in bubble columns.

4. The multi-string humidifier has shown the performance closest to that of the film
humidifier. In contrast, other atypical designs (rotating, porous, ultrasonic, etc.)
significantly underperformed not only compared to the film humidifier, but also to
conventional contact heat exchangers with packing materials and bubble columns.
Moreover, their application is associated with increased energy consumption, which

reduces the overall efficiency of HDH systems.
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CONCLUSIONS

The dissertation presents a comprehensive study of the energy performance
characteristics of a film-type contact heat exchanger and determines their influence on
the efficiency of air humidification under typical operating conditions of thermal water
desalination systems. The obtained results have allowed the following conclusions to be
drawn:

1. A comparative analysis of existing contact heat exchanger designs within HDH
systems has been performed. It is established that current humidifier designs are
characterized by significant pressure losses and high energy consumption, which reduces
the overall efficiency of thermal desalination systems. It is shown that one of the key
directions for improving the efficiency of such systems is the optimization of heat and
mass transfer processes in humidifiers, as these have a decisive impact on the productivity
and energy efficiency of thermal water desalination systems.

2. An experimental setup was developed to study the process of air humidification
in a film-type contact heat exchanger. The implemented monitoring system, based on
Regmik measurement and control equipment, has provided continuous recording of
operating parameters in thermal desalination systems and enabled an objective
assessment of the energy performance characteristics of the film-type humidifier. An
analysis of the maximum deviations (uncertainties) between experimental and calculated
data confirms the reliability of the obtained results and the adequacy of the applied
experimental methodology.

3. Optimal operating parameters for the tube film-type humidifier have been
established. At an air superficial phase velocity of j, = 0,34, a water-to-air mass flow rate
ratio of MR =2, and an inlet water temperature to the humidifier of #,,;,, = 60 °C, the HDH
system achives maximum productivity with minimal water and air pressure losses,
minimum energy consumption, and without condensate contamination with water
droplets.

4. A thermodynamic model of the tube film-type humidifier has been developed

based on the heat and mass transfer equation, incorporating new empirical dependencies
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suitable for practical application in HDH systems. The simulation results have shown that
the highest performance is achieved with a tube height of 1 m and a diameter of 50 mm,
which ensure the minimum energy consumption.

5. The developed calculation method can be applied for the engineering design of
the film-type humidifiers, techno-economic analysis, and optimization of their operating
regimes in water desalination systems, air-conditioning systems, or heat recovery
applications.

6. A comparison of the energy efficiency indicators of different types of
humidifiers show that the film humidifier demonstrates the highest ER across the entire
range of MR variations. Moreover, the pressure losses for water and air are the lowest,
22.3 kPa and 25 Pa/m, respectively. Thus, using a vertical tube as a humidifier in the
HDH system will reduce the desalination unit power and specific energy consumption.

7. The results of the dissertation research have been tested in the course of
designing HDH desalination systems at China Hydrogen Energy Group Co., Ltd and

Liaoning Hongsheng Environmental Solutions Technology Co., Ltd.



125
REFERENCES

1. Amidpour, M., Salimi, M., He, W. (2024). Chapter 1 — Need for low-grade
heat-driven desalination systems. Advances in Sustainable Humidification-
Dehumidification Thermal Desalination Systems, 1-15. doi:10.1016/B978-0-323-
95658-1.00001-6.

2. International research center of big data for sustainable development goals.
(2024). Big earth data in support of the sustainable development.
doi:10.12237/casearth. CBAS2024P01.

3. He,C., Liu, Z., Wu, J., Pan, X., Fang, Z., L1, J., Bryan, B. (2021). Future global
urban water scarcity and potential solutions. Nature Communications, 12, 4667.
doi:10.1038/s41467-021-25026-3.

4. She, Y., Chen, J., Zhou, Q., Wang, L., Duan, K., Wang, R., Qu, S., Xu, M.,
Zhao, Y. (2024). Evaluating losses from water scarcity and benefits of water
conservation measures to intercity supply chains in China. Environmental Science
& Technology, 58(2), 1119—1130. doi: 0.1021/acs.est.3c07491.

5. Hu, T., Zhang, T., Wang, X., Du, S., Sun, W., Zhang, X. (2023). Optimizing

the layout of major productive forces in the new development stage: its feature,

key mission and stratagic measures. Regional Economic Review, 62(2).

6. Hu, M., Ma, R., Cao, Z., Xiong, J., Xue, K. (2021). Remote estimation of
trophic state index for inland waters using landsat-8 oli imagery. Remote Sensing,
13(10). doi:10.3390/rs13101 988.

7. Zheng, X. (2025). Water recycling and water-saving measures in urban water
system planning. China Resources Comprehensive Utilization, 43(5).
doi:10.3969/].issn.1008-9500.2025.05.046.

8. Liu, W., Zhang, Y., Xu, R., Zhang, Z. (2022). Water shortage risk evaluation
and 1its primary cause. Empirical evidence from rural China, 46(2).
doi:10.1111/1477-8947.12249.

9. Wang, H., Xu, X., Cheng, J., Zhou, Z., Chu, J., Zhang, J. (2023). Basing four

aspects on water resources in water resources protection and utilization: basic



126
cognition and key technology system. Water Resources Protection, 39(1), 1-7. doi:
10.3880/j.issn.1004—6933.2023.01.001.

10. Huang, Y., Huang, X., Xie, M., Cheng, W., Shu, Q. (2021). A study on the
effects of regional differences on agricultural water resource utilization efficiency
using super-efficiency SBM model. Scientific Reports, 11, 9953. doi:
10.1038/s41598-021-89293-2.

11. Chu, W., Yang, X., Xiao, R. Jin, W. (2022). Research on the strategies for safe
management of drinking water in the Yangtze river delta. Strategic Study of CAE,
24(5), 19-25. doi:10.15302/J-SSCAE-2022.05.003.

12. Sun, S., Chen, Y., Lim, Y., An, D. (2018). Occurrence, spatial distribution and
seasonal variation of emerging trace organic pollutants in source water for
Shanghai, China. Science of the Total FEnvironment, 639, 1-7. do:
10.1016/j.scitotenv.2018.05.089.

13. He, Y. (2022). Coordinated legislation on drinking water source quality safety
and substantive systems in the Yangtze River Delta Demonstration Area.
Environmental pollution and prevention, 44(2), 278-284. doi:10.15302/J-SSCAE-
2022.05.003.

14. Li, L., Liu, X., Zhang, X. (2021). Public attention and sentiment of recycled
water: Evidence from social media text mining in China. Journal of Cleaner
Production, 303(20), 126814. doi:10.1016/j.jclepro.2021.126814.

15. Shirish K, P., Kalpesh V, M. (2020). Techniques to improve the performance
of enhanced condensation area solar still: a critical review. Journal of Cleaner
Production, 268. doi:10.1016/j.jclepro.2020.122260.

16. Mohsenzadeh, M., Lu, A., Christopher, P. (2021). A review on various designs
for performance improvement of passive solar stills for remote areas. Solar Energy,
228, 594-611. doi:10.1016/j.solener.2021.09.086.

17. Shoeibi, S., Rahbar, N., Abedini, A., Kargarsharifabad, H. (2021). A
comprehensive review of enviro-exergo-economic analysis of solar stills.

Renewable and Sustainable Energy Reviews, 149. doi:10.1016/j.ser.2021.111404.



127
18. AbdelMeguid, H. (2025). Examining the performance of optically optimized
solar stills with phase change materials: A theoretical perspective on ongoing
debates. Solar Energy Materials and Solar Cells, 282, 113394. doi:
10.1016/j.s0lmat.2024.113394.
19. AbdelMeguid, H., El Awady, W. M. (2024). Optimizing solar still performance
through glass cover optical properties: A mathematical modeling and theoretical
investigation. Ain Shams Engineering Journal, 15(3), 102589. doi:10.1016/].
asej.2023.102589.
20. AbdelMeguid, H., Gherissi, A., Elsawy, M., Aljohani, Z., Asiri, A., Saber, M.,
Fouda, A. (2024). Potential application of solar still desalination in NEOM region.
Applied Water Science, 14, 53. do1:10.1007/ s13201-024-02115-4.
21. Al-Hinai, H., Ali, B. (2002). Parametric investigation of a double-effect solar
still in comparison with a single-effect solar still. Desalination, 150 (1), 75-83.
doi:10.1016/S0011-9164(02)00931-1.
22.Ma, Q., Xu, Z., Wang, R. (2021). Distributed solar desalination by membrane
distillation: current status and future perspectives. Water Research, 198, 117154.
doi: 10.1016/j.watres.2021.117154.
23. Rasool, M., Banat, F. (2013). Desalination by solar powered membrane
distillation systems. Desalination, 308, 186-197. doi:10.1016/j.desal.2012.01.021.
24. Cai, F., Guo, F. (2017). Study of mass transfer coefficient in membrane
desalination. Desalination, 407, 46-51. doi:10.1016/j.desal.2016.12.013.
25. Ahmed, F.E., Lalia, B.S., Hashaikeh, R., Hilal, N. (2020). Alternative heating
techniques in membrane distillation: A review. Desalination, 496, 114713.
doi:10.1016/j.desal.2020.114713.
26. Bamasag, A., Algahtani, T., Sinha, S., Ghaffour, N., Phelan, P. (2021). Solar-
heated submerged vacuum membrane distillation system with agitation techniques
for desalination. Separation and Purification Technology, 256, 117855.
doi:10.1016/j.seppur.2020.117855.



128
27. Narayan, A., Pitchumani, R. (2020). Analysis of an air-cooled air gap
membrane distillation module. Desalination, 475, 114179. doi:10.1016/j.desal.
2019.114179.
28. Omar, A., Nashed, A., L1, Q., Taylor, R.A. (2021). Experimental and numerical
evaluation of the energy requirement of multi-stage vacuum membrane distillation
designs. Separation and Purification Technology, 257, 117303. doi:10.1016/
j.seppur.2020.117303.
29. Shih, W., Rahardianto, A., Lee, R-W., Cohen, Y. (2005). Morphometric
characterization of calcium sulfate dihydrate (gypsum) scale on reverse osmosis
membranes. Journal of Membrane Science, 252(1-2), 253-263. doi:10.1016/
j.memsci.2004.12.023.
30. Greenlee, L.F., Lawler, D.F., Freeman, B.D., Marrot, B., Moulin, P. (2009).
Reverse osmosis desalination: water sources, technology, and today's challenges.
Water Research, 43, 2317-2348. doi:10.1016/j.watres.2009.03.010.
31. Monnot, M., Carvajal, G.D.M., Laborie, S., Cabassud, C., Lebrun, R. (2018).
Integrated approach in eco-design strategy for small RO desalination plants
powered by photovoltaic energy. Desalination, 435, 246-258. doi:10.1016/
j.desal.2017.05.015.
32. Ayou, D.S., Ega, H.M., Coronas, A. (2022). A feasibility study of a small-scale
photovoltaicpowered reverse osmosis desalination plant for potable water and salt
production in Madura Island: a techno-economic evaluation. Thermal Science and
Engineering Progress, 35(24), 101450. doi:10.1016/j.tsep.2022.101450.
33. Khan, M.A.M., Rehman, S., Al-Sulaiman, F.A. (2018). A hybrid renewable
energy system as a potential energy source for water desalination using reverse
osmosis: a review. Renewable and Sustainable Energy Reviews, 97, 456-477. doi:
10.1016/j.rser.2018.08.049.
34. Bhagwati, A., Shah, M., Prajapati, M. (2023). Emerging technologies to
sustainability: a comprehensive study on solar desalination for sustainable

development. Sustainable Manufacturing and Service Economics, 2, 100007. doi:

10.1016/j.smse.2022.100007.



129
35. Tashtoush, B., Al-Omari, J. (2023). Solar-assisted hybrid integration of
humidification-dehumidification and forward osmosis for brackish water
desalination: A parametric study. Case Studies in Chemical and Environmental
Engineering, 8, 100500. doi:10.1016/j.cscee.2023.100500.
36. Karhe, Y. B., Walke, P. V. (2013). A solar desalination system using
humidificationdehumidification process — a review of recent research.
International Journal of Modern Engineering Research, 3(2), 962-969.
37. Velmurugan, V., Kumar, S. P., Ragul, S. (2018). Humidificaton-
dehumidification desalination system — an overview. International Journal of
Scientific Research in Science and Technology, 4(5), 1163-1177.
38. Sereda, V. V., Prytula, N. O. (2023). Energy performance of thermal desalation
systems with humidifiers of different types. Bulletin of Vinnytsia Polytechnic
Institute, 6, 14-22. doi:10.31649/1997-9266-2023-171-6-14-22.
39. Behnam, P., Arefi, A., Shafii, M. B. (2018). Exergetic and thermoeconomic
analysis of a trigeneration system producing electricity, hot water, and fresh water
driven by low-temperature geothermal sources. Energy Conversion and
Management, 157, 266-276. doi:10.1016/j.enconman.2017.12.014.
40. Ariyanfar, L., Yari, M., Aghdam, E. A. (2016). Proposal and performance
assessment of novel combined ORC and HDD cogeneration systems. Applied
Thermal Engineering, 108, 296-311. do1:10.1016/j.applthermaleng.2016.07.055.
41.He, W. F., Han, D., Xu, L. N., Yue, C., Pu, W. H. (2016) Performance
investigation of a novel water-power cogeneration plant (WPCP) based on
humidification dehumidification (HDH) method. Energy Conversion and
Management, 110, 184-91. doi:10.1016/j.enconman.2015.12.019.
42. He, W. F., Zhu, W. P., Han, D., Huang, L., Wu, Y. K., Zhang, X. K. (2017).
Performance simulation of a power-water combined plant driven by low grade
waste heat. Energy Conversion and Management, 145, 107-116. doi: 10.1016/
j.enconman.2017.04.094.



130
43. He, W. F., Zhang, X. K., Han, D., Gao, L. (2017). Performance analysis of a
water-power combined system with air-heated humidification dehumidification
process. Energy, 130, 218-227. doi:/10.1016/j.energy.2017.04.136.
44. He, W. F., Han, D., Wen, T. (2018). Energy, entropy and cost analysis of a
combined power and water system with cascade utilization of geothermal energy.
Energy Conversion and Management, 174, 719-729. do0i:10.1016/j.enconman.
2018.08.089.
45. Mhamed, A. S., Ahmed, M. S., Maghrabie, H. M., Shahby. A. G. (2020).
Desalination process using humidification—dehumidification technique: a detailed
review. [International Journal of Energy Research, 45(3), 3698-3749. doi:
10.1002/er.6111.
46. Zhang, Z., Han, D., Lu, Y., He, W. (2024). Off-design behaviors of a solar-
powered hdh system for water and power cogeneration. Applied Thermal
Engineering, 257, 124126. doi:10.1016/j.applthermaleng.2024.124126.
47. Lawal, D. W., Usman, J., Abba, S. I., Yogarathinam, L. T., Usman, A. G., Antar,
M. A., Aljundi, I. H., Zubair, S. M. (2024). Effective design of sustainable energy
productivity based on the experimental investigation of the humidification-
dehumidification-desalination system using hybrid optimization. Energy
Conversion and Management, 319, 118942. doi:10.1016/j.enconman.2024.118942.
48. Kabeel, A. E., Hamed, M. H., Omara, Z. M., Sharshir, S. W. (2014).
Experimental study of a humidification-dehumidification solar technique by
natural and forced air circulation. Energy, 68, 218-228. doi:10.1016/
j.energy.2014.02.094.
49. Sereda, V. V., Solomakha, A. S., Pritula, N. O., Zabolotny O. A. (2021).
Thermodynamical analysis of thermal dessery plant with air humidification-drying
cycle. Materials science and mechanical engineering, 69. doi:10.20535/
kpisn.2021.4.250663.
50. Rajaseenivasan, T., Srithar, K. (2017). An investigation into a laboratory scale

bubble column humidification dehumidification desalination system powered by



131
biomass energy. Energy Conversion and Management, 139, 232-244. doi:
10.1016/j.enconman.2017.02.043.

51. Zeng, Z., Sadeghpour, A., Ju, Y.S. (2019). A highly effective multi-string
humidifier with a low gas stream pressure drop for desalination. Desalination, 449,
92-100. doi: 10.1016/j.desal.2018.10.017.

52. Eder, E., PreiBBinger, M. (2020). Experimental analysis of the humidification of
air in bubble columns for thermal water treatment systems. Experimental Thermal
and Fluid Science, 115, 110063. doi:10.1016/j.expthermflusci.2020.110063.

53. Eder, E., Hiller, S., Briiggemann, D., Preilinger, M. (2022). Characteristics of
air—liquid heat and mass transfer in a bubble column humidifier. Applied Thermal
Engineering, 209, 118240. doi:10.1016/j.applthermaleng.2022.118240.

54. Rahimi-Ahar, Z., Hatamipour, M. S., Ghalavand, Y. (2018). Experimental
investigation of a solar vacuum humidification-dehumidification (VHDH)
desalination system. Desalination, 437, 73—80. doi:10.1016/j.desal.2018.03.002.
55. Rahimi-Ahar, Z., Hatamipour, M. S., Ghalavand, Y., Palizvan, A.
(2020). Comprehensive study on vacuum humidification-dehumidification
(VHDH) desalination. Applied Thermal Engineering, 169, 114944. doi:10.1016/
j.applthermaleng.2020.114944.

56. Aref, L., Fallahzadeh, R., Madadi Avargani, V. (2021). An experimental
investigation on a portable bubble basin humidification/dehumidification
desalination unit utilizing a closed-loop pulsating heat pipe. Energy Conversion
and Management, 228, 113694. doi:10.1016/j.enconman.2020.113694.

57. El-Said, E. M. S., Dahab, M. A., Omara, M., Abdelaziz, G. B. (2021). Solar
desalination unit coupled with a novel humidifier. Renewable Energy, 180, 297—
312. doi: 10.1016/j.renene.2021.08.105.

58. El-Said, E. M. S., Dahab, M.A., Omara, M., Abdelaziz, G. B. (2022).
Humidification-dehumidification solar desalination system using porous activated
carbon tubes as a humidifier. Renewable Energy, 187, 657-670. do0i:10.1016/
j.renene.2022.01.023.



132
59. Abdelaziz, G.B., Dahab, M.A., Omara, M.A., Sharshir, S. W., Elsaid, A. M.,
El-Said, E. M. S. (2022). Humidification dehumidification saline water
desalination system utilizing high frequency ultrasonic humidifier and solar heated
air stream, Thermal science and engineering progress, 27, 101144. doi:10.1016/
j.tsep.2021.101144.
60. Thanaiah, K., Gumtapure, V., Mitiku Tadesse, G. (2021). Experimental
analysis on humidification-dehumidification desalination system using different
packing materials with baffle plates. Thermal Science and Engineering Progress,
22,100831. doi:10.1016/j.tsep.2020.10083 1.
61. Soomro, S. H., Santosh, R., Bak, C., Yoo, C., Kim, W., Kim, Y. (2022). Effect
of humidifier characteristics on performance of a small-scale humidification-
dehumidification desalination system. Applied Thermal Engineering, 210, 118400.
doi:10.1016/j.applthermaleng.2022.118400.
62. Khalaf-Allah, R. A., Abdelaziz, G. B., Kandel, M. G., Easa, A.S. (2022).
Development of a centrifugal sprayer-based solar HDH desalination unit with a
variety of sprinkler rotational speeds and droplet slot distributions. Renewable
energy, 190, 1041-1054. doi:10.1016/j.renene.2022.04.019.
63. Garg. K., Beniwal. R., Das, S. K., Tyagi. H. (2023). Experimental investigation
of a low-cost humidification-dehumidification desalination cycle using packed-bed
humidifier and finned-tube heat exchanger. Thermal Science and engineering
progress, 41, 101858. doi:10.1016/j.tsep.2023.101858.
64. Khan, M., Faizan, M., Antar, M. A., Khalifa, A. E. (2023). Experimental study
on optimum performance of two-stage air-heated bubble-column humidification—
dehumidification system. Water S.A., 49(4), 374-386. doi:10.17159/wsa/2023.
v49.14.4009.
65. Shaikh, J.S, Ismail, S. (2023). Performance evaluation of a solar
humidification dehumidification desalination system employing a multistage
bubble column dehumidifier. Solar Energy, 263, 111933. doi:10.1016/j.solener.
2023.111933.



133
66. Official website of Regmik [Online]. Available: https://regmik.ua. [Accessed:
Aug. 13, 2025].
67. Bell, 1. H., Wronski, J., Quoilin, S., Lemort, V. (2014). CoolProp: An open-
source thermophysical property library. Industrial & Engineering Chemistry
Research, 53(6), 2498-2508. https://coolprop.org.
68. Tsay, Y. L. (1994) Analysis of heat and mass transfer in a countercurrent-flow
wet surface heat exchanger. Heat and Fluid Flow 15(2), 149-156. do0i:10.1016/
0142-727X(94)90069-8.
69. Feddaoui, M., Mir, A., Belahmidi, E. (2003) Cocurrent turbulent mixed
convection heat and mass transfer in falling film of water inside a vertical heated
tube. International Journal of Heat and Mass Transfer, 46 (18), 3497-3509. doi:
10.1016/S0017-9310(03)00129-7
70. Barabash, P., Solomakha A., Sereda V. (2023). Heat and mass transfer of
countercurrent air-water flow in a vertical tube. Heat Mass Transfer, 59, 1343—
1351. doi:10.1007/s00231-023-03342-2.
71. Voloshchuk, V., Gullo, P., Nikiforovich E., Buyak, N. (2021). Simulation and
exergy analysis of a refrigeration system using an open-source web-based
interactive tool, Applied Sciences, 11(23), 11535. do1:10.3390/app112311535.
72. Nematollahi, F., Rahimi, A., Gheinani T. T. (2013). Experimental and
theoretical energy and exergy analysis for a solar desalination system. Desalination,
317, 23-31. doi:10.1016/j.desal.2013.02.021.
73. Holman, J. P. (2001). Experimental methods for engineers (8th ed.). New York,
NY: McGraw-Hill., Experimental Methods for Engineers, eighth ed., McGraw Hill.
74. Barabash, P., Solomakha, A., Sereda, V. (2020). Experimental investigation of
heat and mass transfer characteristics in direct contact exchanger. International
Journal of Heat and Mass Transfer, 162, 120359. doi:10.1016/
j.jjheatmasstransfer.2020.120359.
75. Bezrodnyi, M. K., Barabash, P. A., Goliiad, N. N. (2017). Hidrodynamika 1
kontaktnyi teplomasoobmin v hazoridynnykh systemakh [Hydrodynamics and

interfacial heat and mass transfer in gas—liquid systems] (2nd ed., revised and



134
enlarged). Kyiv, Ukraine: Igor Sikorsky Kyiv Polytechnic Institute, Politekhnika.
ISBN 978-966-622-856-3.

76. Schmidt, H. (2010). L2.5 Two-phase gas—liquid flow. In VDI Heat Atlas (VDI-
Buch, pp. 1164-1168). Berlin, Heidelberg: Springer. doi:10.1007/978-3-540-
77877-6 8.

77. Jeong, J. H., No, H. C. (1994). Classification of flooding data according to type
of tube-end geometry. Nuclear Engineering and Design, 148(1), 109-117.
doi:10.1016/0029-5493(94)90246-1.

78. Zubair, S. M., Antar, M. A., Elmutasim, S. M., Lawal, D. U. (2018).
Performance evaluation of humidification-dehumidification (HDH) desalination
systems with and without heat recovery options: An experimental and theoretical
investigation. Desalination, 436, 161-175. do1:10.1016/j.desal.2018.02.018.

79. Park, 1., Mudawar, 1. (2013). Climbing film, flooding and falling film behavior
in upflow condensation in tubes. International Journal of Heat and Mass Transfer,
65, 44-61. do1:10.1016/j.ijheatmasstransfer.2013.05.065.

80. Sereda, V., Solomakha, A., Prytula, N., Shvets, N. (2022). Thermodynamical
analysis of the thermal water desalination system with open and closed air cycle.
Scientific notes of the V.I. Vernadsky TNU. Series: Technical Sciences, 33(72),
146-152. doi:10.32782/2663-5941/2022.6/25.

81. Sharqgawy, M. H., Antar, M. A., Zubair, S. M., Elbashir, A. M. (2014).
Optimum thermal design of humidification dehumidification desalination systems.
Desalination, 349, 10-21. doi:10.1016/j.desal.2014.06.016.

82. Sereda, V., Liu, Y., Podstievaia, T. (2023). Highly effective direct contact
humidifier for thermal desalination system. Power engineering: economics,
technique, ecology, 73(3), 131-138. doi:10.20535/1813-5420.3.2023.289729.

83. Zarei, T., Miroliaei, M. R. (2022). Performance evaluation of an HDH
desalination system using direct contact packed towers: experimental and
mathematical modeling study. Water  Reuse, 12 (1), 92-110.
do1:10.2166/wrd.2022.095.



135
APPENDIX A: List of Publications

1. Barabash, P., Solomakha, A., Sereda, V., Prytula, N., Strynada, P., Liu, Y. (2023).
Heat and mass transfer of countercurrent air-water flow in a vertical tube. Heat Mass
Transfer, 59, 1343—1351. https://doi.org/10.1007/s00231-023-03342-2 (SCOPUS Q2).

2. Cepena, B., JIw, ., Tloncrepas, T. (2023). BucokoedexkTuBHUN KOHTAKTHUI
3BOJIOKYBa4 I TEPMIYHOI OMpPICHIOBAJIBHOI yYCTAHOBKH. EHepeemuxa: eKOHOMIKa,
mexnonoeii, exonocia, 73(3), 131-138. do0i:10.20535/1813-5420.3.2023.289729
(paxona, kateropis b).

3. Cepena, B., JIwo, 5., IToacresas, T. (2025). ExcriepuMeHTaIbHE AOCIIIKCHHS
ONTHUMAJIFHOI TMPOTYKTUBHOCTI IUTIBKOBOTO 3BOJIOKYBada Ui TEPMIYHOI CHUCTEMH
omnpicHeHHs.  Refrigeration  Engineering and  Technology, 61(1), 25-36.
doi:10.15673/ret.v6111.3135 (axona, kareropis b).

4. Solomakha, A., Strynada, P., Barabash, P., Sereda, V., Prytula, N., Liu, Y.
(2022). Mass transfer at fluid and gas countercurrent flow in vertical tubes. International
Conference of Young Scientists on Energy and Natural Sciences Issues: proceedings of
the 18th International Conference (pp. 406-409), May 24-27, 2022, Kaunas, Lithuania.
Published by Lithuanian Energy Institute, 2022. ISSN 2783-6339, 796 p.

5. JIw, 1., Iloacreras, T., Cepena, B. (2023). BucokoehekTHBHUIT KOHTaKTHUN
3BOJIOKYBaY JJIsl TEPMIYHO1 ONIPICHIOBAIBHOI YCTaHOBKU. Cyuacki npodiemu Hayko8o2o
3abesnevenns enmepeemuxu: wmatepiamu XX MikHApOJAHOI HAYKOBO-IIPAKTUYHOI
KOH(epeHIlisl MOJIOAUX BUYCHUX Ta CTYAEHTIB y 2-X T. (¢. 226-227), m. Kuis, 25-28
kBiTHs 2023 p. — Kuis: KIII im. Irops Cikopcbkoro, BuaaBauntBo «llomitexnikay, 2023.
—ISBN 978-966-990-072-2 (T. 1). — 256 c.

6. JIw, 5., IToacreras, T., Cepena, B. (2025) ExcniepumeHTanbHe TOCTIHKEHHS
ONTHMAJIBbHOI TMPOTYKTUBHOCTI IUTIBKOBOTO 3BOJIOKYBada JJIsl TEPMIYHOI CHCTEMH
onpicHeHHs. CyyacHi mpoOjieMHd HAyKOBOTO 3a0€3MEUYEeHHsS] €HEePreTUKU: MaTrepiaiu
XXII MixkHapoaHOi HayKOBO-IIPAKTHYHOT KOH(EpeHIiT MOJIOINX BUCHUX 1 CTYJICHTIB Y
2-x T. (c. 164-166), m. KuiB, 22-25 kBiTHsa 2025 p. — Kuis: KIII im. Irops Cikopcbkoro,
Bu1aBHUIITBO «IlomiTexnikay, 2025. — ISBN 978-966-990-153-8 (T. 1). — 215 c.



APPENDIX B: The act of implementation
in the China Hydrogen Energy Group

China Hydrogen Energy Group Co., Ltd.

National Technical University of Ukraine

“lgor Sikorsky Kyiv Polytechnic Institute”

Implementation Act of the dissertation research for obtaining the
degrec of Philosophy Doctor in specialty 144 “Heat Power
Engineering” 25.09.25 the Process National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, postgraduate
Mr.Yang Liu.

By this implementation act, 1 confirm that the results of the
dissertation research “Increasing the efficiency of contact humidifiers in
the operating conditions of thermal water desalination systems.” were
used in the China Hydrogen Energy Group Co., Ltd.

The results, obtained in term of experimental research and
mathematical modeling, made it possible to reduce the energy

consumption for water desalination in small-scale decentralized

humidification-dehumidification system.
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APPENDIX C: The act of implementation in the Liaoning Hongsheng

Environmental Solutions Technology

Liaoning Hongsheng Environmental
Solutions Technology Co., Ltd.

Implementation Act of the dissertation research for
obtaining the degree of Philosophy Doctor in specialty 144
“Heat Power Engineering” 25.09.25 the Process National
Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute”, postgraduate Mr.Yang Liu.

By this implementation act, I confirm that the results
of the dissertation research“Increasing the efficiency of
contact humidifiers in the operating conditions of thermal
water desalination systems.” were used in the Liaoning
Hongsheng Environmental Solutions Technology Co., Ltd.

Small scale solar desalination HDH system with film
humidifier was built. Humidifier consist from 5 plastic
tubes with heigth 1 M and diameter 40 mm. The
installation allows you to get up to 40 liters of water per
day. The electricity consumption is 2 kWh, so the cost of

money is 0.156 Euro.
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