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MoBbiweHne 3chchekTUBHOCTHN oXNnaXxaeHns o60poTHOU BOAbI
B UCNapUTeNbHbIX OXJIAAUTENAX C NCeBAOOXUKEHHbIM CllOeM

H.O. Yemonos, X.C. Ucaxomkaes

ITpoaHann3npoBaHbI pe3yabTATHI SKCIIEPUMEHTATBHBIX NCCIEA0BAHUI THAPOJMHAMUKH TPeX(ha3HOTO MCeBI00KIDKEHHOTO cinos. [IpuBesne-
HBI pacUYeTHBIC 3aBUCHMOCTH BBICOTHI TPEX(a3HOTO MICEBIOOKIDKEHHOTO CIIOS OT INIOTHOCTH OPOIICHHUS IS TOBBIIMIEHHS () (EKTHBHOCTH
OXJIXK/ICHUS] 000POTHBIX BOJ B UCIIAPUTENIBHBIX OXJaguTelisix. OnpeaeneHbl ONTHMAaIbHbIE YCIOBHS YCTOHUMBOTO pexxuma paboThl U TeX-
HOJIOTHYECKHUE TTOKa3aTeIN MPOIecca OXJIaKACHUs BOAbI B Tpex(daszHoM croe. Co3naHa SKCIepUMEHTAIbHAS YCTAaHOBKA IS TIPOBECHHS
HaTYPHBIX OIBITOB II0 HCIIAPUTEIFHOMY OXJIaXKCHUIO 000POTHON BOJIBI B TPpeX(azHOM IICEBIO0KIIKEHHOM CJIOE H OIIPEJIelIeH ero (haKTu-
YeCKUIl TIOTEHIMA B PeaIbHbIX YCIOBHAX. YCTaHOBJIEHA XOPOIIast CXOAUMOCTb PACYETHBIX U 3KCIEPUMEHTAIbHBIX JaHHBIX U ITOATBEPK-
JIeHa TOCTOBEPHOCTD BBITIOJTHEHHBIX UCCIIEIOBAHMUIA.

[pemnoxena MateMaTidecKasi MOJIEIb IIPOIIECCa HCITAPUTEIEHOTO OXJIaXICHUSI 000POTHOH BOAIBI B TPEX(a3HOM IICEBIO0KIKCHHOM CIIO€.
Ha ocHoBe uncnenHoi peanu3aiyy yCcTaHOBIECHBI 3aBUCUMOCTH TEMIIEPATYP OXJIaX1aeMOH BOABI M OTPAOOTAaHHOTO BIaXKHOTO BO3AyXa Ha
BBIXOZIC M3 MCTIAPUTEIIS OT OTHOCUTEIILHON BIAKHOCTHU @, KOd((HUIMEHTa OPOIICHNS [, CKOPOCTH BO3AyXa W, TeMmeparyp OKpyXKaloIeH
Cpelibl {, ¥ BXOJALIEH BOJIBL £ .

Pa3paGoTanbl anropuT™ U mporpamma Juis OnpeJieNieHHsi TeMIEPaTypbl BBIXOAIIEH BOJBI £, U BIAKHOTO BO3/lyXa f  Ha BBIXOJIE U3 HC-
MIAPUTENBLHOTO OXTAAUTENSI. DKCIIEPUMEHTAIBHO YCTAaHOBJICHA INHEHHASI 3aBUCHMOCTD SHEPTETUUECKOT0 KO3 (DHIHEHTA HCITAPUTETEHOTO
OXJIauTelsi 000POTHON BOJBI PACCMAaTPUBAEMOTO THIIA OT KOG QHUIEeHTa OpomIeHNs. BhIsiBlIeHa 3aBHCUMOCTS JI0JIM UCTIApEHHOI BIIaru
B HCTIapPUTEILHOM OXJIauTeIe 000POTHOMN BOJIBI PACCMATPUBAEMOTO TUIIA OT TEMIIEPATyPbl OXJIaX/1aeMOil BOJIbI Ha BXOJE B OXJIAIUTEIb U
xodddunnenra opomennus. [Ipemnoxken cnocod UCTTapUTETFHOTO OXJIAKACHHS BO3LyXa, B KOTOPOM peaTn30BaHa HCHapUTeIbHas KaMepa
¢ Tpex(a3HbIM IICEBIOOKIDKEHHBIM CJI0EM H PEreHEPAaTUBHBIM BPAIIAOIIIMCS TEIIIO0OMEHHUKOM.

Kurouesvie cnosa: KOHAWIIMOHUPOBAHUE, TpeX(baBHBIf;I HCGBI[OO)KH)KGHHLIﬁ CHOﬁ, ITUIOTHOCTH OPOLICHUA, I/ICl'IapI/ITe.]'ILHHﬁ OXJIAAUTECIIb,
TUAPABINYCCKOE COMPOTUBIICHUE, BBICOTA JTMHAMUYCCKOI'O CJI04, BO3I[yLHH0-I/ICHapI/IT6HBHBII>II ammnapar.

Jna yumuposarnus: Yemonos H.O., caxomxaes X.C. IloBpimenne 3 heKTHBHOCTH OXJIaXKIeHHsT 00OPOTHOH BOIBI B HCTIAPUTEIHHBIX OXJIaId-
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Improving the Circulating Water Cooling Efficiency
in Evaporative Fluidized-bed Coolers

N.O. Usmonov, Kh.S. Isakhodjayev

The article describes the results from experimental investigations into the hydrodynamics of a three-phase fluidized bed. Calculation
dependences of the three-phase fluidized bed height on the spraying density, which can be used for achieving more efficient cooling
of circulating water in evaporative coolers, are given. The optimal conditions for stable operation and the technological parameters
characterizing the water cooling process in a three-phase fluidized bed are determined. An experimental setup for carrying out full-scale
experiments on evaporative cooling of circulating water in a three-phase fluidized bed is constructed, and the actual potential of the
evaporative water cooling technology under real conditions is determined. It is shown that the calculated and experimental data are in good
agreement with each other, and validity of the accomplished investigations has been confirmed.

A mathematical model of the circulating water evaporative cooling process in a three-phase fluidized bed is proposed. Based on the numerical
implementation of the proposed model, the dependences of cooled water and spent humid air temperatures at the evaporator outlet on relative
humidity ¢, spraying ratio p, air velocity 7, and ambient air and inlet water temperatures # and #,, have been established.

An algorithm and a program have been developed for determining the temperature of outlet water ¢, and humid air ¢ at the outlet of
the evaporative cooler. A linear dependence of the circulating water evaporative cooler’s energy coefficient on the spraying coefficient
has experimentally been established for the considered cooler type. A dependence of the evaporated moisture fraction in the considered
circulating water evaporative cooler on the cooled water temperature at the cooler inlet and on the spraying coefficient is established. An
evaporative air cooling method is proposed, which is embodied by using an evaporative chamber with a three-phase fluidized bed and a
regenerative rotating heat exchanger.

Key words: air conditioning, three-phase fluidized bed, spraying density, evaporative cooler, pressure drop, dynamic layer height,
evaporative air apparatus.
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WuteHcnukanuss paboThl CUCTEM KOHAWIMOHUPOBA-
HUSI ¥ OXJIQXKJICHUSI — aKTyajbHasi mpoOsieMa B MPaKTH-
K€ UCIAPUTEIBHOTO OXJIAXKICHHS BOIBI. Pa3paboTunkamu
NIPE/IOKEH PsAA PelIeHUH HMHTeHCU(HKALMK Ipolecca
OXJIQXKJICHHS: BEITIOJIHCHUE YaCcTH KOpITyca B BUAC IH(]-
(by3opa, opranmzanms 0oiee BBHICOKOH CTEICHH THUCIICp-
THPOBAHUS BOJBI, YCTAaHOBKA IIEHTPOOCIKHBIX (DOPCYHOK,
HM3MEHEHHE KOHCTPYKLMHU opocuteneid. Bee 3T mepsl 10-
TTOJTHUTEIBHO OXJTaXAatoT Boxay emie Ha 1°C [1, 2].

AHann3 paboT TOKa3bIBACT, YTO TPATUIIMOHHBIC METO-
JIl THTEHCU(HUKAIINH TIPOLIECCa B BO3AYITHO-UCIAPUTEIb-
HBIX armnaparax (MHTEHCHUBHBIC PEXHMbI IKCILTyaTalluH,
KOMITaKTHBIE ITy4YKH, MPOTHBOTOYHASI CHCTEMa OXJaxJe-
HUSI U T. J.) MPAKTUUECKH UcYeprain ceds u npodiema
OYHCTKH TTOBEPXHOCTH TEIUIOOOMEHA OT 3arpsi3HCHUIl B
BO3IYIIHO-UCIIAPUTEIBHBIX TEIUIOOOMCHHUKAX HE IIpe-
onosnena. J{is nosbimeHus 3p(hEeKTUBHOCTH MpoIiecca 0X-
JKICHUS 000POTHON BOABI HEOOXOAUMO:

® MHTEHCU(DHUIINPOBATh TEIUIOOOMEH TPH WCIIAPCHUU
OXJIQ)KTAFOIIIEH BOMIBI, IPUMEHSISI HOBYIO TEXHOJIOTHIO;

e 00ECTEeYNTh OUYNCTKY IMOBEPXHOCTH armapara OT 3a-
IpsI3HEHUH;

® yCHIICHHUE TeII000MEeHa M OYMCTKU ITOBEPXHOCTH OT
3arpsiI3HEHUH JTIOJKHBI 00€CTIeUUBATHCS TPU CPABHUTEIBHO
HEBBICOKHX 3aTparax U rabapurax 000pyI0BaHHUs.

Jnst penieHust NMOCTABJICHHBIX 3a/iad 1esecoo0pa3Ho
HCIIOJIb30BaTh Tpex(a3HbIi TICEBIOMKIKCHHBIN ci0il. Pe-
3yJIBTaThl IKCIICPUMCHTAIIBHBIX HCCICIOBAHUN TEIIOMAC-
cooOMeHa U 3(PEKTUBHOCTH TPOIIECCA OXITAXKICHUS BOJIBI
Ha SKCIIEPUMCHTAIBHBIX YCTAHOBKAX ITOKA3aJIH, YTO HHTCH-
cuUKaIMs TEIIOMaccoOOMEHa B armapare ¢ Tpex(a3HbIM

14

MICEBJJO0KIKEHHBIM CJIOEM BBIIIE, YEM B IIOJIOM ammapare
WM B anmnapare ¢ HeMoABMW>KHOM Hacankoi [1, 3 — 5.

Pazpaborana m coOpaHa SKCIEpUMEHTAIbHAs yCTa-
HOBKa JUISI MCCIICJOBaHUS THUAPOIUHAMUKH TPex(a3zHoro
TICEBJIOOKMKEHHOTO  CJIOSI, OTPEICICHBl ONTHUMAJIbHBIC
YCIIOBHSI €70 YCTOWYMBOTO PeXKUMa paObOThl M TEXHOIOTH-
YeCKHE IOKa3aTel MpoLecca OXJIaKACHHUs BOABI B TPEX-
(haznom croe.

Cxema CKOHCTPYMPOBaHHOH yCTaHOBKM IPUBEACHA Ha
puc. 1. OHa COCTOMT U3 KOJIOHHBI /, CHCTEM I0JIa4H 1 cOpoca
JKMAKOCTH, TIOJIa4H BO3/LyXa ¥ I3MEPUTEIILHBIX TPHOOPOB.

PaGounii yyacTOK BBINOJHEH M3 CTEKJIA IS BO3MOXK-
HOCTH BU3YaJIbHOTO HaOJIIOJICHUS TpOIiecca ICEBIO0XKH-
xkenust. Jlnamerp pabouero yuactka 104 MM, BbICOTa —
950 MM. B HIDKHEl 9acTH pabodero ygacTka yCTaHOBIICHA
oropHasi pemrerka // xuBbiM cedenneM 40%. Pemerka
MMEET ILIeJIEBbIe OTBEPCTUS IKUpUHON 5 MM. Ha Hell Haxo-
JIUTCS CIIOI MHEPTHON HAaCcanKu /7 — TIOJBIC IapEI.

JlnameTp miapoB B MPOLIECCE HKCIEPUMEHTA BapbH-
posaics (14 u 26 MmM). B nenax mpenoTBpamieHus yHoca
B BepXHel yacTu pabodero ydyactka yCTaHOBJICHO cemna-
pHupyomee yCTpoiHCTBO — JUCK C OTBEPCTUSAMH KUBBIM
ceuenneM 70%. B kauecTBe OXKMKAIOILIETO ra3a B3sT aT-
MocdepHbIi Bo3ayX. OH 1mojaBajics BEHTUISITOPOM BBICO-
KOTO JIaBJICHUSI B HIDKHIOIO 4acTh pabovero ydactka Ioj
oropHyto pemnretky. Ha TpyOompoBone monmaun Bo3myxa
YCTAQHOBJICHA CTaHAapTHas jauadparmMa 6, BTOPUYHBIM
npubopoM K Hel ciayxuT anpdepeHInanTbHbIii MaHO-
MeTp. [lpaBunbHOCTE U3MEpEHMI pacxona BO3AyXa IOJ-
TBEpK/1aJach TAPUPOBKOM, IPEABAPUTEIILHO IPOBEIEHHON
nepes SKCIepuMeHTaMu. Pacxon Bo3ayxa perynupoBaics

™13

Puc. 1. Cxema 3KCIIepUMEHTAIbHON YCTAHOBKH C pab0YMM yIaCTKOM (OCHOBHOM 3JIEMEHT):

1 — xononHna; 2, 10 — cucTeMsl oiaqy ¥ cOpoca KUAKOCTH; 3 — HACOC; 4 — poTaMeTp; 5 — BO3AYLIHBINA BEHTHIIATOP; 6 — nauadparma;
7, 8, 9 — nuddepeHnnanbHbIe MAHOMETPHBI; /] — ONOpHAas pemerka; /2 — MepHas JTuHelika; /3, /4 — CIMBHON M HanopHbIiT Oaky; 15 —
[I0OBOPOTHAsI 3aCJIOHKA; /6 — YPOBEHb JKUAKOCTH; /7 — WHEPTHAs HacaJlka
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4uCcIOM O0OPOTOB BEHTHIISITOPA, CHAOKEHHOTO JBHIa-
TEJIEM TIOCTOSIHHOTO ToKa. J[yst perymmpoBkn pacxona Ha
TpyOOIIpOBO/IE TIO/IaYM BO3/TyXa YCTaHOBJIEHA ITOBOPOTHAS
3acionka /5. ITo BeIcoTe pabodero ydacTka BBICTaBIICHA
MepHas JIMHEeHKa /2 JUTs N3MEPEHHUS BBICOTHI CTATHYECKOTO
H0 W JTUHaAMU4eckoro H , C7I0€B HACAJIKH. B BepxHeii yactu
pabouero y4acTka HaXOJUTCsl pa3OpbI3rHBalollee YCTPOii-
cTBO. Bona B pabounii yyacTok rnomaercs M3 HarOpPHOTO
6aka /4 ¢ IOCTOSTHHBIM YpOBHEM >kunkocTd. Ha Tpyborpo-
BOJIC TOJIA4YM BOJBI YCTAQHOBJICH POTAMETP, MU3MEPSIOLINIA
pacxox xxunkocTd. Boma n3 pabodero yyactka mocrynaer B
ciuBHO# 0ak /3. Bomy B HamopHsIii Oak mogaet Hacoc 3. Ha
paboueM y4acTKe yCTaHOBIECHBI Au(PepeHInaIbHbIe MaHO-
MeTpbI &, 9 ISl I3MEPEHHs THAPABINYECKOTO CONPOTHBIIC-
HUSI OTIOPHOW PELIETKH, CJIOSI HACAIKH B COCTOSTHUH TIOKOS 1
B IICEBIIOOKIDKEHHOM COCTOSHUH, a TAaKXKe JUIs U3MEPCHHS
TIOJTHOTO THUIPABINYECKOrO COIPOTHBIICHUS allapara.

OKCIIepIMEHT HPOXOOMI B CIELYIOIEM IOpsIIKe.
Bxutoyasncst BEHTHIISITOpP, yCTaHABIMBAJIACh OIpE/IENICH-
Hasl CKOPOCTh BO3JlyXa W HW3MEPSUIOCh THAPABIMYECKOE
CONPOTHUBIICHUE CYXOW pacIpeieNnTeIbHON PeIeTKH, 3a-
TEM CKOPOCTh MEHSIACh U BHOBB (PHKCHPOBAIOCH COOTBET-
CTBYIOILEE THPABIMYECKOE COIPOTUBIICHHUE.

O3HakomJIeHHE C TUIPOOMHAMHUYECKHMH  HCCIeNO0-
BaHUsSMHU COIPOTUBIICHUS CYyXOH PELIETKM B JAMANa3oHe
F_ =20...65% B IIMPOKOM JIMaNa3oHe M3MEHEHHUS CKOPOCTH
TIOTOKa MOKAa3aJI0, YTO Y OIIOPHO-PACTIPE/ICNTENILHBIX pellie-
TOK CO cBOOOIHBIM cedeHneM 30% u Oonee COnpoTHBICHUE
MEHSIETCS HE3HAYUTEIIEHO, 1 MOXKHO ONPEIEIUTh COMPOTUB-
nenne (¢ morpemrHocTho 5%) Mo dopmyre apen [6]:

2
Py

AP =&, 29

P, MM BOJ. CT.

ITocne 3TOrO Ha pemeTKy MOMeNaln MIaphl ONpeaesieH-
HOTO JUAMETpa M 3aJaHHON BBICOTBI CJI0s [, BKIIIOYAIN
BEHTWJIATOP M M3MEPSUIN TUAPABIMYECCKOE COMPOTHBIIE-
HHUE CyXOl HacaJK¥ CHaJajia B CIIOKOWMHOM cocTossHuH. C
YBEIMUYCHUEM CKOPOCTH (DPUKCHpOBAIN THAPABIMYECKOES
COIIPOTHUBIICHNE JIBYX()A3HOTO ICEBJOOKHMKEHHOTO CIIOS,
CTPOMJIN KPUBYIO TICEBIOOKIDKEHHS U Irpa)uK 3aBUCHMO-
CTH CKOPOCTH YHOCA OT pacxosia BO3ayxa.

B mpouecce 3KcrepuMEHTOB (DPUKCHPOBAIN BBICOTY
TICEBIOOKIDKEHHOTO C110s1 H , HabIiofay 1mysibCaluy Bbl-
COTBI TMHAMHYECKOTO CIIOSL.

Ha pucynke 2 mpencraBieHbl pe3ylbTaThl OMperese-
HUS 3aBUCUMOCTU TUAPABIUYCCKOIO COIPOTHUBJIICHUSA CYy-
XOH paclpeneauTebHON PEIETKH OT CKOPOCTH BO3/1yXa B
anmapare. Ha rpaduke Hanecens! nanusie B.M. HoBuxkona,
u paccuntansbie o popmyrne H.I'. brusxepa. Ananu3 moka-
3aJ1 XOpollee COBMaJICHNE 3KCIICPUMEHTAIBHBIX U N3BECT-
HBIX JIaHHBIX [7, 8].

[Tocie oLEHKH MOTPENIHOCTH AKCIIEPUMEHTa ObUT Ha-
9aT OCHOBHOI 3Tar ¢ Tpex(a3HbIM CI0EM.

Bruttouanu opolieHre Hacaiky ¥ P IOCTOSIHHOM TUIOT-
HOCTH OpOIICHWS (UKCHPOBATN TApaMeTPhl TPeX(pazHOTo
TICEBJJOOKIKEHHOTO CJIOST: TH/IPABIMYECKOE CONPOTUBIICHHUE,
CKOPOCTH HadaJa MICEBI00KIKEHNSI M YHOCA, BBICOTY JTUHA-
MHYECKOTO CII0st H , 3a1CPXKKY JKHKOCTH B CIIOC.

Ha pucynke 3 m3o0paxkeH rpadvk 3aBUCUMOCTU M-
HAMHYECKOH BBICOTHI TPEX(A3HOTO CIOS OT IUIOTHOCTH
OpOIIECHHS ¥ CKOPOCTH BO3/LyXa AJISI CITydast, KOT/ia BEICOTa
crarudeckoro ciost pasHa 100 MM, a Ha puc. 4 —mpu cTa-
THYECKOU BBICOTE cyiost Hacaaku H =200 mm.

CkopocTh B amnmapare MeHsulach B mpejaenax oT 1 o
4 m/c, oTHOCTH oporreHus coctasmia 10...30 m3/m>u.

W3 aHanm3a pe3ynbTaToB 3KCIEPUMEHTOB CIIEAYET, YTO
YBEIMUYCHUE CTEICHU PACIINPEHUS ICEBIO0KMKEHHOTO
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Puc. 2. 3aBUCHMOCTD TH/IPABINYECKOTO CONPOTHUBIICHUS CyXO pelIeTKH 0e3 HacaJK1 OT CKOPOCTH BO3/lyXa B ammnapare:

= — HKCIIEPUMEHTAJIbHBIC JIaHHbIC; ® — JIaHHbIE 110 [§]; O — naHHbIe 110 [7]
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Puc. 3. 3aBUCHMOCTE TMHAMIYECKOH BBICOTHI TPEX(A3HOTO TICEBIO0KIKEHHOTO CIIOS OT CKOPOCTH BO3/TyXa M IUIOTHOCTH opomenus (H, = 100):

=— — SKCIICPUMEHTAJIbHbIC JaHHbIC; ® — JHaHHbIe 10 [8]; 1 — H = 100 mm, L = 30 M*/m*u; 2 — H = 100 mm, L = 10 M*/m*y

Hg, Mm
/=
/|
po
v = =
350 P 200 MM, 2 M/¢
/
i
// =
300 e L1
v "//
E i, =100 mm, V=1 m/c
// o
r o
o
250 L= ==
_+—1" ¢
200
10 20 40 50 L, M3 /aPa

Puc. 4. 3aBMCHMOCTb IMHAMHYECKOH BBICOTBI MICEBIOOKIIKEHHOTO CIIOS OT CKOPOCTH BO3/lyXa U IUIOTHOCTU opomtenus (H = 200 mw,

d =14 mm):

== — DKCIIEPUMEHTAJIbHbIC JaHHbIC; ® — JaHHBIE 110 [§]

CJI0S C POCTOM CKOPOCTH ¥ TUIOTHOCTH OPOILIEHHSI MOXKET
JOCTUTHYTH BennIuHbI R = 5 [9].

[NomyueHHBIE PE3yNbTaThl COMOCTABICHBI C TAHHBIMH,
paccuntanHbiMu 10 Gopmyne H. Kpaiinesa [10]:

_ 0,9 70,357;,2
H, =0,13H)° 1"5w?.

MakcuMaibHOe pacxoxkaeHue coctaBmiio 14%, uro Ha-
XOMIUTCS B IPEENax [MOTPEUIHOCTH YKCIICPHMEHTA.

OO6paboTKa HKCIEPUMEHTATBHBIX JaHHBIX 10 OIpe-
JICJICHUIO 3aBUCHMOCTH BBICOTHI TPEX(a3HOTO ICEBIO-
O)KIJKEHHOTO CJIOS OT CKOPOCTH BO3IyXa IIOKa3aja, 4To
H ~ W u BbIpaskkaeTcs ypaBHEHHEM:

BectHnk MOW. Ne 2. 2019

H =0,1m°°.
MaxkcuManbHOE PacXOXKACHUE OMBITHBIX U PACUCTHBIX
maHHbIX — 7,4% [11].
[loslyueHO ypaBHEHHE 3aBUCHMOCTH JAMHAMHUYECKOM
BBICOTHI CJIOSI OT CKOPOCTH U TIIOTHOCTH OPOIICHHS:

H =0,22W5L01,

Takum 00pa3zoM, OINpezeIeHbl OCHOBHBIE TEXHOJOIH-
YEeCcKHe MapaMeTpbl ONTHMAIbHONH PabOThl MCIAPUTEIb-
HOTO OXJIAZIUTEIIS AJIsl PEIeHMs] 3a1a4i OXJIaKACHHU 000-
POTHO¥ BOABI IPOMBIIIJICHHBIX TIPEIPHUATHH. Pe3yabTars

9KCTIEPUMEHTOB TTOATBEP/MIN PAaCUETHBIC JJAHHBIC HCCIIe-
JIOBaHUIl, a UX PaCXOXKJCHHUE He MpeBbImaeT 6,7%.
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