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Introduction. Heat and mass transfer devices based on flow of a thin layer of viscous fluid are
widely used in numerous industry fields (chemical, petrochemical, energy, food, etc.). Falling film
devices (film rectifiers, absorbers, steam generators, etc.) efficiency is related to large contact sur-
face area and low liquid flow rate.

Aim. Numerical study of wave characteristics of a thin layer of a viscous liquid both during free
flow and during evaporation.

Materials and methods. This work presents results of computational modeling of vertical water
liquid film flow at low Reynolds numbers in the framework of partial differential equation of the state
of the free surface of the liquid film. Equation coefficients include different physicochemical factors
such as surface tension parameter and temperature gradients influence parameter. Analytic dependence
of Marangoni parameter critical values is presented. Liquid film flow is investigated both at free flow
and at evaporation of liquid. Temperature gradients influence causing increase of instability region and
changing parameters of liquid film wave flow is taken into account. Utility developed in C++ is used
for computation of wave characteristics and instability regions of liquid films.

Results. Computational experiments were carried out for the vertical water film both at free
flow and at evaporation. As a result of computational experiments liquid film flow regimes with a
maximum value of the increment were selected; such regimes are shown in experimental studies of
other researchers. Marangoni parameters critical values, at which destruction of film is possible,
were calculated.

Conclusion. Increment increases and phase velocity decreases under conditions of evaporation,
and conditions are created for the destruction of the liquid film in heat and mass transfer devices and
formation of “dry spot” on their surface. Liquid films flows investigation is relevant due to wide use
of industrial falling film devices based on evaporating liquid films (evaporators, vaporizing appa-
ratus); its results could be used in the design or modernization of existing equipment and in the de-
sign of technological processes in liquid films.
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Introduction

First experimental and theoretical studies of the flow of a thin viscous liquid layer we carried out by
P.L. Kapitza [1, 2]. Liquid film is an effective tool of interfacial heat and mass transfer due to large con-
tact surface area and low liquid flow rate [3—5], so it is widely used in industry. Falling film devices are
used for working with substances, that can only be processed in thin layers: manufacture of certain types
of plastics, evaporation of food products, that are sensitive to high temperatures, heating up and concen-
trating of substances, that can be burnt or polymerized at prolonged contact with heating surface.
Also falling film evaporators and distillers are widely used in manufacture of chemical and food prod-
ucts. Due to short contact with heating surface, these devices save chemical properties of substances and
vitamins of food products [4].
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Influence of different physicochemical factors on liquid film flow regimes should be considered
when designing falling film devices [6, 7]. Due to wide use of industrial falling film devices based on
evaporating liquid films (evaporators, vaporizing apparatus), investigation of liquid films flows at evap-
oration of liquid are relevant.

The aim of this work is numerical study of wave characteristics of a thin layer of viscous fluid at
free flow and evaporation of liquid.

1. Formulation of the problem
We consider the flow of a thin viscous liquid layer with a thickness & at Reynolds numbers 1 <Re <5
on a vertical solid heated surface in the coordinate system OXY as shown on fig. 1.
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Fig. 1. Flowing liquid film model

Denote deviation of the liquid film free surface from the undisturbed state by y(x,7). Taking into ac-
count, that surface tension ¢ is a function of liquid temperature 7 and liquid film surface chemical com-
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position [8, 9], we introduce dimensionless parameter j/ — (j i , called Marangoni num-
or ay y=3 Uygp
ber, where uy — fluid flow average velocity, p — fluid density.

2. Mathematical model of liquid film free surface state
Liquid film free surface state is described by following partial differential equation [0]:
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Re — Reynolds number, F, — Froude number, Ku — Kutateladze number, Pr — Prandtl number, signAT = 0
corresponds to free flow regime and signA7 =—1 corresponds to evaporation process.

In heat and mass transfer processes, including liquid film evaporation process, high temperature gradi-
ents could cause destruction of liquid film and formation of “dry spot” on film device surface. Marangoni
parameter critical values, at which destruction of film is possible, are given by the following formula [0]:

MKziRezsz— 22 b _ﬁ N 4s1gnAT2’ Q)
20 Rek; b, ) 3(RePrKu)

where bo = alk;:, bl = _al 1kx, b2 = a7kx.

3. Computational experiments
Using the solution type y = 4 exp[i(k,x —wt)] of equation (1) we obtain the following disper-

sion equation:

o(ask, +i)+ak? —agk? +ay ik, =0, 3)
where ® = ®,. +i®; (o, — frequency, o; — increment).

Separating (3) into real and imaginary parts we obtain solutions for frequency and increment:

o, ZLXZZ, @)
1+7
0 =X+0,Z, ®)

Where X = alk;: - aékf, Y = _al 1kx, Z = a7kx.
Phase velocity values could be calculated by the following formula:

¢, =—". (6)

Computational experiments were carried out for the vertical water film at Reynolds numbers
1 £ Re <5 and wave numbers 0 < k£ <0.5. Liquid film free flow and evaporation process were studied.

C++ utility, calculating frequency, increment, phase velocity and Marangoni number critical values
by formulas (4)—(6) and (2) was developed.

Flow of vertical water film is unstable at positive increment values (table 1). Liquid film flow is
more unstable at evaporation.

Table 1
Instability regions
k
ke signAT =0 signAT = -1
1 [0; 0.0272] [0; 0.029]
2 [0; 0.0484] [0; 0.0492]
3 [0; 0.0679] [0; 0.0684]
4 [0; 0.0862] [0; 0.0866]
5 [0; 0.1038] [0; 0.1041]

Results of calculation of increment values at Re = 3 are shown on fig. 2.

Flow instability region at Re = 3 corresponds to 0 < k£ < 0,0679 range at free flow and 0 < k£ < 0,0684
at evaporation. Increment curve inflection point k£ = 0,025 and maximum increment points £ = 0,0478 at
free flow and k = 0,0482 at evaporation could be noted.

Results of calculation of phase velocity values at Re = 3 in instability region are shown on fig. 3.
It could be noted that evaporation leads to small decrease of phase velocity.

Maximum increment values and corresponding phase velocity values at different Reynolds numbers
are presented in table 2.

Evaporation leads to increase of maximum increment values and decrease of corresponding phase
velocity values in whole considered Reynolds numbers range.
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Marangoni parameter critical values, calculated at maximum increment values for different Reyn-
olds numbers, are presented in table 3.
i
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Fig. 2. Increment at Re = 3: | - sighAT =0, Il - sighAT = -1
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Fig. 3. Phase velocity at Re = 3: | - sighAT =0, Il — signAT = -1

Table 2
Increment and phase velocity
Re signAT =0 signAT = —1
k i max Cr max k i max Cr max

1 0.0192 0.000221 2.99986 0.0205 0.000287 2.99982

2 0.0342 0.001401 2.99825 0.0348 0.0015 2.99813

3 0.0478 0.004104 2.9923 0.0482 0.004231 2.99207

4 0.0606 0.008709 2.97823 0.0608 0.008859 2.97785

5 0.0725 0.015357 2.95201 0.0727 0.015524 2.95149
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Table 3
Critical values of Marangoni parameter
Re signAT =0 signAT = -1
k M, k M,

1 0.0192 26044.2 0.0205 22845.9

2 0.0342 2054.46 0.0348 1984.28

3 0.0478 469.388 0.0482 461.655

4 0.0606 165.92 0.0608 164.834

5 0.0725 75.5772 0.0727 75.1689

Liquid film flow regimes with a maximum value of the increment are observed to occur in practical
experiments [3] and parameters of such flow regimes are necessary for designing of technological pro-
cesses in liquid films.

Conclusion

1. Mathematical model of free surface state of viscous fluid thin layer at low Reynolds numbers at
free flow and evaporation of liquid is presented.

2. Results of numerical study of liquid film flow regimes are presented. Liquid film flow is unstable
at 1 < Re < 5. Wave characteristics (frequency, increment and phase velocity), instability regions and
Marangoni parameter critical values of viscous fluid thin layer flow at free flow and evaporation are cal-
culated.

3. Evaporation is more unstable process and it causes increase of increment and decrease of the
phase velocity, as well as the critical value of the Marangoni parameter, which can lead to the destruc-
tion of the liquid film during heat and mass transfer.
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YUCINNIEHHOE MOAENUPOBAHUE PEXXUMOB TEHEHUA
XWOKOU NNEHKK B TEMITOMACCOOBMEHHbBIX AMNMAPATAX
NMPU MAJbIX YHACITAX PEMHOJIBACA

J1.A. lpokyduHa, M.I1. Buxupee
HOxHo-Ypanbckul eocydapcmeeHHbili yHUsepcumem, 2. HensbuHck, Poccus

Beenenne. TerutomaccooOMeHHBIE ammapathl, B KOTOPBIX PEaJIM3yeTcs TeYEeHHE TOHKHX CJIOEB
BSI3KHX JKHJKOCTEH, NIMPOKO MPUMEHSIOTCS B Pa3JIMYHBIX O0JIACTSX MPOMBIIUIEHHOCTH (XUMHYECKOHH,
HeTeXUMUUECKOW, SHEPreTHYECKOH, MUIIEBOH U 1p.). DPEeKTUBHOCTh MCHONB30BAHMUS TIEHOYHBIX
anmnaparoB (IWIEHOYHbIE PEKTH(HHUKATOPBI, a0copOephl, MAPOreHePaTOPhI U JIp.) CBS3aHa ¢ OOJBIION T10-
BEPXHOCTBIO KOHTaKTa ITPY MaJIbIX YIEIbHBIX PACXOAAX JKUJIKOCTH.

Lenn padoThl. UncneHHOe nccie0BaHUE BOTHOBBIX XapaKTEPUCTHK TEUEHHSI TOHKOTO CJIOS BSI3-
KO JKUJIKOCTH B YCIIOBUSIX CBOOOTHOTO CTEKaHUS TUICHKHU Y UCTIAPEHUS )KUIKOCTH.

Matepuanbl 1 MeToabl. B pabore npencTaBieHbl pe3ynbTaThl YUCISHHOT'O MOJEIHPOBAHHMS
TEUeHHs] BEPTUKAIBLHOMN JKUAKOHM IUIEHKH BOABI CO CBOOOJHOM TMOBEPXHOCTHIO IPH MAaJbIX YHCIAX
Peiinonbica B pamkax nuddepeHnnanbHoro ypaBHeHNs! B YaCTHBIX MTPOU3BOIHBIX JJIsI OTKIIOHEHUS
CBOOO/IHOW TIOBEPXHOCTH IUIEHKH OT HEBO3MYIIEHHOro coctosius. Koaddunmentsr ypaBHeHUS
BKITIOYAIOT Pa3yInuHble (PU3NKO-XUMHYECKUE (DAaKTOPHI, B YACTHOCTH, ITapaMeTp TTOBEPXHOCTHOTO Ha-
TSDKEHMs, TIapaMeTp BIMSHUS TPagueHTOB Temmneparypbl. llpencraBieHa aHanuTH4YecKas 3aBUCH-
MOCTb JUISl KPUTHYECKHX 3HaueHHi napamerpa MapaHronu. TedeHue ®UIKOW TUIEHKH HCCIIEI0BaHO
Kak Ipy CBOOOHOM CTEKaHHH, TaK U MPU HCHAPEHUH. YUTEHO BIMSIHKE B TUICHKE XKHUJKOCTH I'paiu-
€HTOB TEeMIIEpaTyphl, IPUBOAAIINX K PACIIMPEHUIO 00JIACTH HEYCTOHYMBOCTH U M3MEHSIONIUX Napa-
METpPBI BOJIHOBOT'O TEUEHHMS! )KUAKOH IJICHKHU (4acTOTy, HHKpEMEHT, (ha30BYyI0 cKopocTb). Jlist pacue-
Ta BOJHOBBIX IIapaMETPOB, 00J1acTell HEYCTOMYMBOCTH JKUIKUX IIEHOK UCIIONB3YeTCs YTUIINTA, pa3-
paboranHas Ha si3bike C++.

Pesynbratsl. [IpoBeneHbl BBMUCIHUTENBHBIE SKCIIEPUMEHTHI [UIsSl BEPTUKAIBHON IUIEHKH BOABI
KaK B P&KHUME CBOOOIHOTO CTEKaHHs, TaK U B Mpollecce McnapeHus. B pe3ynabraTe BEIYHCIUTEIBHBIX
SKCIIEPUMEHTOB BBIJICIEHBI PEKUMBI TEUEHHUS JKHIIKON TUIEHKH ¢ MaKCHMaJIbHBIM 3Ha4€HHEM WHKpe-
MEHTa, TaAKHE PEKUMBI 3a()UKCUPOBAHBI B SKCIIEPUMEHTAIILHBIX MCCIIEIOBAHUSX IPYrUX YYeHbIX. Pac-
CYMTAHBI KPUTUYECKUE 3HAYCHUS TTapamMeTpa MapaHroHu, pu KOTOPoM JoctiraeTcs 3h(eKT pa3pbiBa
KHUJIKOM TICHKH.

3akiouenne. B ycrnoBusx nporiecca UCTIapeHusl IIPOUCXOUT YBEIMYEHUE 3HAYCHUH HHKPEMEH-
Ta U CHIKEHHUE (ha30BOil CKOPOCTH, UTO YCKOPSET AP PEKT pa3pbiBa >KUKOH IIEHKH B TEINIOMAcCO00-
MEHHBIX aImapaTtax U o0pa3oBaHHE Ha MX IMOBEPXHOCTU «CYXOro MATHa». BBHIy mmpokoro pacrpo-
CTpaHEeHUs! IPOMBIIIUIEHHBIX TNIECHOYHBIX allapaToB, B KOTOPBIX UCIIONB3YETCs UCTIAPSIOIIASCS TUICHKa
(ucnapureny, BeITIAPHBIE alllIapaThl), UCCIEIOBAHUE TEUCHUH JKUJIKUX TUICHOK aKTyallbHO, €ro Pe3yiib-
TaThl MOTYT OBITh MCIOJb30BaHBl NPH KOHCTPYMPOBAHHU WIIM MOJIEPHH3AIMH CYIIECTBYIOIIEro 000-
PYZIOBaHUs, a TaKKe NPH pa3paboTKe TEXHOIOTHUECKUX MPOLIECCOB B )KUJIKUX IICHKAX.

Kniouesvle cnosa: scuokas nienka, ucnapewue, neycmouuugocmuv, napamemp Mapaneonu,
manvie yucna Petinonvoca.
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