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)l;ecy6JIMMa:U;M5I BO,II;5IHOrOnapa

Ha CJIO)KHOOpMeHTMpOBaHHbIX OXJIa)l()l;aeMbIX

nOBepXHOCT5IX C pa3JIMQHbIMM TeMnepaTypaMM

no CeKI.I;M5IM
K.E.AKAEB, C.A.COCYHOB

CaHKm- JIemep6YPZCKUU zocyaapcmeeHHblU yHueepcumem HU3KomeMnepamypHblx u nuU{eeblx meXHOJlOZUU

Principles of construction of a physical and mathematical model of water
vapor desublimation on complicatedly oriented cooled sections of panels
are presented. The experimental test bench and results of experimental
testing of the proposed model are presented. A possibility of uniform
precipitation of water vapor on the investigated surfaces in case of
temperature difference between them 6 - 13 'C is shown.

B cy6JIHMaQHOHHbIXyCTaHoBKax nJIOIIIa~H nOBepxHocTH

~ecy6JIHMaUHH H cy6JIHMaUHH )l(eJIaTeJIbHOHMeTb paBHbI-

MH. Cy6JIHMaUHOHHble KOH~eHcaTopbI 60JIbllIHHCTBa npo-

MbIIlIJIeHHbIXyCTaHoBoKBbInOJIHeHbIMHoroceKUHOHHbIMH.

IlpH 3TOM BO,LVIHOHnap OCa)l(~aeTCJIHa nepBble no xo~y

ceKQHH, 'ITO~HKTYeTHeo6xo~HMOCTbnOO'lepe~Horo BKJIIO-

qeHHJIHX B pa6OTy, HaqHHaJICcaMOH y~aJIeHHOHOTCy6JIH-

MaTopa. B pe3YJIbTaTeqaCTb nOBepXHOCTHBTeqeHHe Bcero

npouecca cy6JIHMaUHH HeaKTHBHa.B CJIyqae O~HOBpeMeH-

Horo BKJIIOqeHHJIBcex CeKQHH06Mep3aeT HX HaqaJIbHbIH

yqaCTOK, XBOCTOBble)l(e qaCTH He 3a~eHCTBOBaHbI.

B CBJl3HCBbIllieCKa3aHHbIM ~OCTaTOqHO060CHOBaHHbIM

H nepcneKTHBHbIM npe~CTaBJIjJ:eTCJInpOBe~eHHe pa60T no

c03~aHHIO yCJIOBHH~JIJInepeHoca napa o~HoBpeMeHHo KO

BceH OXJIa)l(~aeMOHnOBepxHocTH ~ecy6JIHMaTOpa nyTeM

peryJIHpOBaHHJI TeMneparypbI nOBepxHocTH H reoMeTpH-

qeCKOHKOHqIHrypaUHH OT~eJIbHbIX3JIeMeHTOB~ecy6JIHMa-

Topa.

J1cxO~JIH3 ~onYIQeHHJI, qTO maBHoH ~BH)I(YIIIeH CHJIOH

npoQecca nepeMeIQeHHJI BO~JlHOrOnapa JlBJIJleTCJInOTeH-

QHaJI nepeHoca, paBHbIH pa3HHue Me)l(~y ~aBJIeHHeM B

30He cy6JIHMaQHHH cOBoKynHocTbIO conpOTHBJIeHHH~BH-

)l(eHHIO napa H ~aBJIeHHJI Ha~ nOBepxHocTbIO oXJIa)l(~ae-

MOro 3JIeMeHTa, pa3pa6oTaHa <pH3HKO-MaTeMaTHqeCKaJl

MO~eJIb. MO~eJIb yqHTbIBaeT 3aBHCHMOCTbMeCTOnOJIO-

)l(eHHJI30HbI ~ecy6JIHMaQHH OT BeJIHqHHbI TepMHqeCKHX

H rH~paBJIl1qeCKHX conpOTHBJIeHHH ~BI1)1(eHl1lOnapa K

nOBepxHocTH:

• COnpOTI1BJIeHI1J1npH Te'leHHH no KaHaJIy,o6pa3yeMoMy

oXJIa)l(~aeMbIMH 3JIeMeHTaMH;

• conpOTHBJIeHHJInpH nOBopoTe MI1KpOo6'beMa BOMHO-

ro napa OT HanpaBJIeHHJI, yCTaHOBJIeHHOrOBaKyyM-Haco-

COM,K OXJIa)l(~aeMOHnOBepXHOCTH;

• TepMH'IeCKoro COnpOTI1BJIeHHJICJIOJl~ecy6JIHMaTa;

• KpOMeToro, B npOCTpaHCTBeB03JIe OXJIa)l(~aeMbIX no-

BepXHOCTeHKOHueHTpaUHJIHeKOH~eHCHpYIOIQI1XCJIra30B

pe3KO B03paCTaeT H CJIe~yeT paCCMaTpHBaTb npouecc

Maccoo6MeHa KaK~H<P<PY3HOHHbIHnepeHOCBOMHoro napa

qepe3 CJIOH3TI1X raJOB.

IlpH pa3pa6oTKe MO~eJIHnpHHJlT PJl~ ~onYIIIeHHH:

.pacnpe~eJIeHHe TeMnepaTypbI B ~ecy6JIHMHpOBaHHOM

CJIoeKBa3HCTaUHOHapHO;

• COnpOTHBJIeHHeMHa rpaHI1Qe <pa30Boro nepexo~a npe-

He6peraeM;

• CO~ep)l(aHl1eHeKOH~eHCl1pYIOIIIHXCJIra30B B nocryna-

IOIIIeH CMeCH- ~o 4 %;
• TeMnepaTypa KHneHJ1jJ:XJIa~areHTa B naHeJIJlX nOCTO-

JlHHa.

C ueJIbIO yqeTa JIOKaJIbHbIXconpOTHBJIeHI1H nepeHocy

MI1Kpoo6'beMoB napoBo3~YIlIHOH CMeCHnJIOCKOCTbno~a-

qH napa 113cy6JIHMaTOpa H nOBepXHOCTbOCa)l(,lIeHI1J1pa3-

6HBaIOT Ha 30HbI. Ka)l(,lIaJl 30Ha Ha YKa3aHHOHnJIOCKOCTH

npe~CTaBJIJleT C060H MHKpOo6'beM BOMHoro napa onpe-

~eJIeHHbIX pa3MepOB, C onpe~eJIeHHbIMI1 TeMnepaTypoH 11

~aBJIeHHeM. B paCqeTHbIH MOMeHT BpeMeHH ~JI Ka)l(~OH

H3 3THX 30H paCCqHTbIBaIOT nOTeHUHaJI ~BH)I(eHI1J1K no-

BepXHOCTHOCa)l(~eHI1J1H BbI611paIOTHaH60JIhllIHH 113HHX.

30Ha nOBepxHocTH OCa)l(~eHHJI,~JI KOTOpOHnOTeHQHaJI

HaH6oJIhIlII1H, CqHTaeTCJI30HOH OCa)l(~eHHJI. IlOTeHQHaJI

OCa)l(~eHHJIHaXO~HTCJIKaK

Potenz = Ps - 'i.!::.P - PI' (1)
r~e Ps - ~aBJIemle B nJIOCKOCTI1no~aql1 napa;

'f.,/),.p - cyMMa YKaJaHHhlx BbIllie m~paBJIl1qeCKI1X conpo-

THBJIeHHH;

PI -~aBJIeHHe, cooTBeTcTByIOIQee TeMneparype Hapy)l(Ho-

ro CJIOJly)l(e HaMep311Iero JIb~a.

rH~paBJIl1qeCKHe conpOTHBJIeHHJIHaXO~JlTCJIKaK

(PI - Pz) = QIU, (la)
r~e Q - nOTOK napa, RoM/c;

U - npoBo~HMOCTb 3JIeMeHTa BaKyyMHoH cHcTeMhI,

M3/c.
JJ:JIJIpa3JIHqHbIX qHCeJI KHy~ceHa <pOpMyJIhI paC'IeTa

npoBo~HMOCTI1 HMeIOTOTJIHqHbIHBI1~ [2, 3].
HeKoH~eHcHpYIOIIIHecJI ra3bI OrreCHJllOTCJIHa6eralOIQHM



PUC. 13KcnepuMeHmaflbHblu cmeHa: 1- OXflaJICaaeMbie
3fleMeHmbl; 2 - 8aKyyMHaR KaMepa; 3 - 8aKyyMMemp;

4 - 3a6opHuK 8aKyyM-Hacoca; 5 - pa6ol{uu 8aKyyM-Hacoc;
6 - nycKo80u 8aKyyM-Hacoc; 7 - XOflOaUllbHaRMaWUHa 1;

8 - XOflOaUllbHaRMaWUHa 2; 9 - 6flOK ynpa8fleHUR
zeHepamopa 80aRHOZOnapa; 10 - Kop06 C cy6flUMupyeMbIM
flbaOM; 11 - 80flbmMemp YHu8epC(JJlbHblU;12 - HameKameflb

HeKOHaeHcupYIO~UXCRza308

nOTOKOMnapa B HanpaBJIemm: .uBlDKeHHH napa H OTcaCbI-
BaIOTCHBaKyyMHbIM HaCOCOM. IlpH 3TOM yCJIOBHH nOTOK
napa qepe3 cnoH raJa BbIpa)f(aeM KaK

qm=s~_p_dPn, (2)
RJ P- Pn dl

r.ue s - nJIOIIIa.ub 30HbI .uecy6JIHMaI.(HH, M2;
p - .uaBJIeHHe naporaJoBoH CMeCH;

PuC. 2. JIPO¢UIlb aecy6fluMama npu menfl080u Hazpy3Ke
933 Bm/Mz; LJ=llOMM, Lz= 80MM, Ct.J=44·, Ct.z=54·;

tJ=-24 'C, tz=-33 ·C(CM.pUC. 5); ps=1l3JIa;x -3aaHRR
naHeflb (onblm), 0 - nepeaHRR naHeflb (onblm), .•. - 3aaHRR

naHeflb (pacl{em), • - nepeaHRR naHeJlb (pacl{em)

PUC. 3. flPO¢Uflb aecy6fluMama npu menfl080U Hazpy3Ke
933 Bm/Atz, LJ= 1l0MM, Lz= 80l'fM, Ct.J= 44', Ct.z= 54',
tJ= -24 'C, tz= -28"C, P, = 120 JIa:x - 3aaHRR naHeflb

(onblm), 0 - nepeaHRR naHeflb (onbfm), .•. - 3aaHRfl naHeflb
(pacl{em), • - nepeaHflfl naHeflb (paclfem)

o 50 100 150 L, MM

Puc.4. IJPO¢UIlb aecy6fluMama npu menfl080U Hazpy3Ke
933 Bm/Mz, LJ= 1l0MM, Lz= 80MM, Ct.J= 44', Ct.z= 54',
t)= -24 'C, tz= -24 'C, Ps= 120 JIa; x - 3aaHflfl naHeflb

(onblm), 0 - nepeaHRR naHeflb (onblm), .•. - 3aaHRfl naHeflb
(pacl{em), • - nepeaHRR naHeflb (pacl{em)

p n - napl.(HaJIbHOe .uaBJIeHHe BO,UHHOrOnapa;
Rn - raJOBaH nOCTOHHHaH Bo.uHHoro napa, L!:)I(/(Kr-K);
T - TeMnepaTypa naporaJOBOH CMeCH.

L!:JIH paCQeTa K03<p<pHI.(HeHTa .uH<p<pY3HHD (M2/C) BOC-
nOJIb3yeMcH [1]:

. ~ 1 + 1
D=112.10-8 Mn M. T

5J2
(3)

, (VIJ3 + v,IJ3)2 (T + C )'
n B P n-.

r.ue Mn - MOJIeKyJIHpHaH Macca napa;
M. - MOJIeKyJIHpHaH Macca B03.uyxa;
Vn - MOJIHpHbIH 06"beM BO,UHHOrOnapa;
V. - MOJIHpHbIH 06"beM B03.uyxa;
Cn_. - K03<P<PHI.(HeHT6HHapHoH CHCTeMbI,

Cn_. = 1,47 F (Tn- TY·S, (4)
me Tn - TeMneparypa napa;

T.- TeMnepaTypa B03.uyxa,

FJ = 8 (Vn + V.)O.5 (5)
Vn+V.

Ilpe.uJIaraeMaH <pH3HKo-MaTeMaTHQeCKaH Mo.ueJIb pea-
JIH30BaHa B BH.ue nporpaMMbI .uJIH 3BM, C nOMOI.IU>1OKO-
TOpOH npoH3Bo.uHTCH HaKOnJIeHHe H onTHMH3al.(HH pacQeT-
Horo MaTepHaJIa.

L!:JIH npoBepKH npe.uJIO)f(eHHOH cxeMbI npol.(ecca H paJ-

IJepenaabl aa8fleHUU 8 npocmpaHcm8e aecy6fluMamopa aflfl
npeacma8fleHHb/X HapUC. 58apuaHm08 aecy6fluMal{uu flwa

YCllOBHJInpoBelleHHJI OnbITHblX nepenaLlblllaBlTeHlI1l MelKllYTO'IKaMH,

IICCnellOBaHIIJlII COOTIleTCTBYI()[J.(HMIIYKa:lallllblM Ha pllc.5, na

MaTeMaTHlfeCKHX paClieTOB
P, - P, P, - P, P, - P, P, - P,

HarpYJKa 933 BT/M', L,=IIO MM, onbIT 12 40 10 51
1,= 80 MM,a,= 44', a,= 54',
1,= -24 'C, 1,= -33 'C,

10 36 12 48P,= 113 na (pIIC. 2) pac'IeT

lIarpYJKa 933 BT/M', L,=11O MM, onbIT 23 46 5 50
1,= 80 MM,a,= 44', a,= 54',
1,= -24 'C, 1,= -28 'C,

22 45 7 52P,= 120 na (pIIC. 3) pac'leT

HarpYJKa 933 BT/M', L,=IIO MM, onblT 31 50 4 56
L,= 80 MM,a,= 44 " a,= 54',
1,= -24 'C, 1,= -24 'C,

29 48 5 53P,= 120 na (pIIC. 4) pac'ICT



t1

Puc. 5. B3auMHoe paCnOIlOJICeHUe naHelleU 83KCnepUMeHme:
Up U] - yeOIl MeJICOy naHellJIMU; Lp L] - paCCmOflHUe

Me:JICay naHellJIMU; fl, f] - meMnepamypbl naHelleU

pa60TaHHOH <pH3HKO-MaTeMaUt:qeCKOHMO.ueJIHC03.uaH 3K-

CnepHMeHTaJIbHbIH CTeH.u, npe.uCTaBJIeHHbIH Ha pHC. 1.
I1cCJIe.uyeMble 06'beKTbI - .uBe paCnOJIO)KeHHble .upyr 3a

.upyrOM napbI (ceKQHH) naHeJIeH 1 C Pa3JIHQHbIMH TeMne-

parypaMH, C03.uaBaeMbIMH .uByMH XOJIO.uHJIbHbIMHMaIIIH-

HaMH 7 H 8. YrOJI Me)f(,l()' naHeJIJlMH Ka)f(,l(OH ceKQHH MO)f(-

HO MeHHTb. Ey.ueM Ha3bIBaTb 6JIJI)KHIOIO K 30He cy6JIHMa-

QHH napy naHeJIeH - nepe,UHeH, .uaJIbHIOIO - 3a.uHeH.

Ha pHC. 2 - 4 npe.ucTaBJIeHbI OnbITHble H paCQeTHble

npo<pHJIH .uecy6JIHMaTa ,UJIHHeCKOJIbKHX BapHaHToB TeM-

nepaTypHblx H reoMeTpHQeCKHX napaMeTpoB .uecy6JIHMa-

Topa, B Ta6JIHQe - nepena.ubI .uaBJIeHHH ,l(JIJI YKa3aHHbIX

yCJIOBHH, a Ha pHC. 5 H306pa)f(eHO B3aHMHoe pacnoJIo)f(e-

HHe naHeJIeH.

B CJIyqae, npe.ucTaBJIeHHOM Ha pHC. 2, TeMnepaTYPHbIH

nepena.u Ha naHeJIHX no Xo.uy napa COCTaBJIHeT9 DC, QTO

onpe.ueJIHeT 60JIee BbICOKYIO HHTeHCHBHOCTb OCa)f(.ueHHH

Ha 3a,UHHenOBepXHOCTH(.uecy6JIHMaQHH Ha 3a,UHHXnOBepx-

HOCTHXnpOHcxo.uHT HHTeHCHBHee, QeM Ha nepe.uHHx).

113pHC. 3 H 4 BH,UHO,qTO npH YMeHbllleHHH nepena,Ua TeM-

nepaTYP Me)f(,l(y naHeJIHMH C4 (CM. pHC. 3) .uo 0 DC (CM. pHC.

4) .uOJIHOCa)f(,l(eHHoro Ha nepe,UH101OnaHeJIb napa paCTeT.

rIPH YMeHbllleHHH L, H L2 (CM. pHC. 5) B XBOCTOBOHqac-

TH nepe.uHHX H 3a.uHHX naHeJIeH ,UJIH.uOCTH)f(eHHHToro )f(e

nepepacnpe.ueJIeHHH .uecy6nHMaTa Tpe6yeTcH 60nbwHH

TeMneparypHbIH nepena.u, qTO MO)f(HO 06'bHCHHTb yBenH-

qeHHeM a3po.uHHaMHqeCKOrO conpoTHBneHHH KaHaJIa.

B npe.ueJIax HaKonneHHoro MaTepHana MO)f(HO C yBe-

peHHocTblO rOBopHTb 0 B03MO)f(HOCTH paBHoMepHoro

OCa)f(.ueHHH Bo.uHHoro napa Ha nOBepxHocTHX .uecy6nH-

MaTOB Hccne.uoBaHHoH reoMeTpHH npH HaJIHqHH Pa3HO-

CTH TeMnepaTyp Me)f(,l(y ceKQHHMH 6... 13 DC. BnHHHHe

.upyrHx napaMeTpOB Ha paBHm.~epHOCTb OCa)f(,l(eHHHTpe-

6yeT .uonOJIHHTenbHbIX paCqeTHOrO H HarypHoro 3Kcne-

pHMeHTa.
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