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Abstract-A boundary-layer analysis of direct contact condensation of binary vapor mixtures on a 
laminar coolant flowing in a duct is presented. The binary mixture condensate may be immiscible or 
miscible in the coolant. Both condensable components are, however, assumed completely miscible. The 
analysis includes also effects of forced convection of the vapor and interfacial resistance at the vapor-liquid 
interface. The analysis assumes constant properties which are evaluated at an appropriate reference state. 

The boundary-layer equations were solved numerically in a transformed coordinate system which 
admitted a similarity solution for short ducts and when the surface resistance is negligible (B = co). 

The solution is demonstrated for the condensation on water at atmospheric pressure of the immiscible 
mixture CS2-CC14. 

For the case of B = 03 and at the leading edge, the analysis predicts and appreciable reduction in 
the condensation fluxes as compared to the maximum values obtained when the vapor bulk temperature 
exists at the interface. This reduction is dependent on the mixture composition and the maximum 
thermal driving force (T,- 7”). The effect of the forced convection is found appreciable only for 
relatively small values of (T, - To). The effect of the surface resistance is observed to be appreciable near 

the leading edge. The results indicate also that the similarity solution may be extended up to 5 = 0.1. 

NOMENCLATURE 

dimensionless heat-transfer coefficient of the 
interface, equation (28); 

heat capacity at constant pressure; 
binary diffusivity; 
dimensionless stream function; 

the value offcorresponding to the interface; 
defined in equation (27). Equal to fi for 
similarity solution; 

heat-transfer coefficient of the interface; 
thermal conductivity of the coolant stream; 

c;&l(k’p) ; 
coolant stream thickness; 
molecular weight; 

&wlW’~‘)lMLz - ToI; 
total pressure; 
partial pressure of the volatile species; 

heat flux in the presence of surface resistance 
l/B, which is defined by the dimensionless 
temperature gradient 80/&j at the interface; 

Q@ = ~01, heat flux in the absence of surface 
resistance (B = co); 

Qm(B = co), heat flux in the absence of surface 
resistance and when T = T,; 
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Schmidt number, p/pD; 
local temperature; 
temperature corresponding to the partial 
pressure of the volatile component at the 
interface-“vapor side”; 

surface temperature of the coolant stream; 
bulk temperature of the vapor; 
longitudinal velocity; 
value of u at the coolant surface; 
free stream velocity; 

normal velocity; 
dimensionless normal velocity, Lo/cc’; 

mass fraction in the vapor mixture corre- 
sponding to the volatile species; 
mass fraction of the volatile species in the 
condensate; 

longitudinal coordinate; 
normal coordinate. 

Greek symbols 

thermal diffusivity of the liquid; 

velocity ratio, u,/u,; 
activity coefficient of the volatile species; 
coordinate in the vapor phase, equation (12); 
coordinate in the liquid, equation (17); 
latent heat of condensation; 
absolute viscosity, for vapor mixture when 
used without subscripts; 
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kinematic viscosity; 

dimensionless axial coordinate, equation (12); 
density, for vapor mixture when used without 
subscripts; 

dimensionless temperature, 

(T- T,)/(G -G); 
w/w, ; 
stream function, equation (13). 

Subscripts and superscripts 

inlet, at x = 0; 
designates the volatile species 

(CS2 in Figs. 2,4-7); 
designates the less volatile species 

(Ccl4 in Figs. 2,4-7); 

in the bulk of the vapor; 
interface; 
collant surface; 
designates liquid, also differentiation with 

respect to ?I; 
condensate. 

INTRODUCTION 

CONDENSATION studies in direct contact were mainly 
concerned with a single vapor condensing on its own 
coolant or with a vapor containing a noncondensable 
gas [l-9]. There have been, however, very few in- 

vestigations [lo-l l] on direct contact condensation of 
a single vapor or mixtures on another coolant. 

Unlike a miscible condensate, the phenomena 

occurring on the coolant surface in case of an im- 
miscible condensate are quite complicated. In most 
cases they probably do not correspond to a filmwise 
spread of the condensate on the coolant even for the 
case of a single immiscible condensate. 

Maa and Hickman [lo], for example, condensed 
steam directly on a cold oil jet and were able to explain 

their results according to the theory of heterogeneous 
nucleation which assumes that the condensate nucleates 

in the form of tiny droplets on the coolant. More 
about these phenomena may be gathered from non- 
direct contact experiments. Sykes and Marchello [ 121, 
for example, condensed steam-toluene mixtures and 
others in a tube. They correlated their data by the use 
of a model having a continuous film of the organic 
liquid on the condenser surface and water drops 
nucleating on the top of it. The “water side” nu- 
cleation heat-transfer coefficient was found to be much 
lower than the one which would have been obtained 
had they used a two-film model with the water in 
laminar flow as a secondary film on the organic liquid. 
In other words, the effect of the thickness of the con- 
densate is much smaller as compared to the effect of 

the droplets nucleation. Indeed. Bernhardt and West- 
water [13] recently, using a high speed camera, 
observed the above behavior but found that the con- 
densation phenomena of immiscible mixtures was even 
much more complicated. 

In light ofwhat has been said, the overall complicated 
phenomena at the vapor-liquid interface are included 
in the present analysis by expressing them in terms of 

a constant heat-transfer coefficient of the interface 
designated as hi. Indeed, Tamir et al. [14] found that 
hi is practically constant by condensing directly on 

water several organic vapors which are immiscible in 
water. In this work, the value of the interfacial resist- 
ance, namely l/hi, was found appreciable and equal to 
the average resistance offered by the water film. 

In this article we present a theoretical treatment of 
the direct contact condensation process of a binary 
vapor mixture on a coolant stream. The analysis is 
suitable either for immiscible or miscible condensates 
in the coolant. The diffusion in the vapor mixture is 
included in the analysis and hence a simultaneous 
solution of the vapor phase boundary-layer equations 

and that of the liquid is necessary to predict the con- 
densation rate. On the other hand, by applying this 
analysis to heat-transfer measurements, it is possible 
to separate the total resistance, namely due to diffusion 
in the vapor and the phenomena occurring at the 
vapor-liquid interface. The latter resistance, l/hi, is 
important because its value may shed some light on 
the condensation process in such systems. 

MATHEMATICAL FORMULATION AND SOLUTION 

In the physical model under consideration (see 
Fig. l), a coolant stream at temperature T, is intro- 
duced into a rectangular duct or a wetted wall type 
condenser, with a fully developed velocity profile. A 

*/ 

Fro. 1. Physical model and co-ordinates. 
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The vapor-liquid equilibria relationship needed to 
complete the formulation may be expressed by: 

wi 

Wi + (1 -Wi)("ilM2) 

Y(wi)Po(T) Wi 
= 

P ’ Wi+(l_Wi)(M1/M*)’ 
(11) 

The solution in the vapor phase was obtained in the 
coordinates (5, I?) where 

5 = g ?J = yJ(u,/vx) (12) 
w 

binary vapor mixture with mass fraction w, of the 
volatile component enters at temperature T,(> To) 
and with a uniform velocity a,. 

During its flow, it condenses on the laminar coolant 
surface. The vapors are assumed to attain the coolant 
surface velocity, u,. The additional thickness due to 
condensate is neglected in the analysis, hence the 
curvature of the x-coordinate which was placed along 
the condensate surface is also ignored. Also owing to 
the small diffusivities encountered in the liquid mixture, 
we neglect diffusion within the liquid mixture (either 
in the immiscible case or when the condensate is 
miscible in the coolant). The condensate is assumed 
to be in equilibrium state at T with the vapor mixture 
in its vicinity. The vapors are assumed to behave as 
an ideal mixture. The energy equation in the vapor 
phase is discarded because the major heat in this 
process is transferred to the coolant as latent heat. It 
is also expected that due to the velocities U, and urn, 
the buoyancy effect may be neglected and hence its 
term was omitted from the momentum equation. 

For constant properties, the conservation equations 
in the vapor mixture boundary layer read 

du a0 
-+-_=o 
ax ay 

(1) 

by defining the dimensionless stream function f as 

Ic, = J(Wvx) ‘f(6 V) (13) 

where $ satisfies u = @lay v = -@/ax, equations 
(1) to (3) reduce to the following ordinary differential 
equations : 

au au a% 
upl”=v” (2) 

aw aw azw 
uz+v,, =Dp 

a2f a3f af a2f af a2f 
q-$+,=4 ----z a? ( all xaf7 8 af7 1 (14) 

a4 
ff -+sc-‘-_i- 

aq 
;y_< !P&?Pf& 

( > 
(15) 

where 

4453 a) = w/w,. (16) 

For small x, the solution in the liquid side was more 

(3) 
conveniently obtained in the coordinates (5, 4) where 5 
is given by equation (12) and 

Y 
“=2L,i5. (17) 

Hence the energy equations (4) reads 

where w = pl/p corresponds to the volatile species. 
The energy equation in the coolant reads 

u, l- + 
2 dT 

[ 01 , a2T 
ax=ady2. (4) 

The boundary conditions are: 

at x=0: T=T,, u=u,, w=w, (5) 

at y=co: u=u,, w=w, (6) 

at y=O: T=T,, u=u, (7) 

aT 
at y= -L: -=O. 

ay 
(8) 

The matching conditions at y = 0 are: 

-pv,i = hi(‘I;:-T,) = k’% 
ay 

(9) 

The mass fraction of the volatile component in the 
condensate, fi, is the ratio between its own flux and 
the total condensation flux, namely, 

aw 
- PD - + PViWi 

wi = a Y 
(10) _~ 

Pi 

where 

(19) 

For large values of x, (or 5) namely when the tem- 
perature changes penetrated to the wall surface, the 
numerical solutions continues with equation (4) using 
the Crank-Nicolson procedure. 

The transformed boundary conditions are: 

at [=O: f’=/3, $=l, H=O (20) 

where 

/&z (21) 

at q=co: f’ = p, f#J = 1 (22) 

at q=O: f’ = 1, J”=fi, 0== 0,. (23) 
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Note that the differentiation is with respect to ‘I. 

For small 4 we use, 

at q + CC : 0 = 0. (24) 

For large 5 equation (4) is solved with boundary con- 

dition (8) where a smooth merging from the (5. q) grid 
into the (4, y/L) grid was performed. 

The matching conditions at 4 = 0 are: 

where 

A=h+2& -2J(5/K).K (27) 

hiL 
B=k’ (28) 

is a dimensionless heat-transfer coefficient of the 

interface. 
The above set of equations admits a similarity solu- 

tion only for the entrance region, namely as 5 -+O, 
and if the interfacial resistance is negligible, namely 
B + cc (or T = T,). 

Under these conditions the solution yields that Oi 
(or z) is constant and equation (18) gives for a semi- 
infinite body that at 

ii = 0 ?O/?ri = 28,‘JJrL 

Hence, from equations (25) (27) 

2 Oi 
,ff = fi = 7n z = constant. 

Note that Hi is yet unknown and is part of the solution 
sought. Integration of equations (14)-( 16) gives: 

where 

.f = .fi+ 
i 

‘f’dn. (31) 
0 

The interfacial concentration of the volatile component, 
$i = Wi/W,, is 

$i = 1 

O.S,ScJJO exp(-0.5JiScfdq)dn-1 

A solution for large < was affected by a forward 
marching technique. The finite difference formulation 
of equations (14) (15) and (18) was obtained by a 
fully implicit finite difference method. If j is a node 
point in the q direction and the interval size is Aq. 
one obtains from (14) II algebraic equations for ,f, 

where,i=3,...,n-2: 

-,r;~2+U,f,:-l-tbj,f,+cj,f;+1 +I;+2 = N;c. (33) 

The a, b, c and d are obtainable in terms of known 
quantities of the previous step. Taking advantage of 
the boundary conditions yields also that 

Vi-N-1 +A,-2 = PAa (34) 

fn-2fn-1 +h-2 = 0 (35) 

-3f,+4f,-f, = 2An (36) 

f1(-1-2;j=fl-2&1:. (37) 
\ Ll4/ a4 

Al is the interval sized in the 5 direction, where 
subscripts 1 and n designate values at the interface 
and the edge of the boundary layer, respectively. Note 
that ,fi is known if the interfacial conditions are known. 
equation (25). ,fi* designates a known value from 
previous step. The vapor side mass conservation 
equation (15) and the energy equation in the liquid 
(18) were also fully implicitly approximated. It yielded 
algebraic equations in the form suitable for the Gauss’s 
elimination method and hence are not spelled out here. 
It should be noted that first derivatives in the r/,$ 
directions were approximated from three values of 

adjacent node points. 
The method of solution of the finite difference 

equations was as follows: a guess is made for (I,, 
physical properties were evaluated and hence the liquid 
side could be solved which yielded (Ii, equation (25). 
This enables us to obtain Fi from the vapor liquid 
equilibrium relationship, equation (11). We designate 

this value as CCi.rqulr. At this stage, physical properties 

for the vapor phase were calculated. It should be 
noted that although our analysis assumes constant 
properties, they were corrected at each step. As a 
reference temperature and concentration for properties 
evaluation we used 0.5 (T,,+ T_,,) for the liquid, 
0.5 (7;+ r,) and 0.5 (M.~+ ~t.~:.) for the vapor. Protiles in 
the vapor phase could now be calculated and hence 
a new value for Zi was obtained from equation (26). 
Defining a function F(f),,) = i&,,,,. - 3;. it was decided 
to stop the iteration for 0, once E;‘(C),.) approached 
zero. It should be noted that for B = xc. we used at 
the first step (namely, < = 0) the similarity solution 
given by equations (30)-(32) which were integrated 
numerically and solved iteratively for (Ii. 
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RESULTS AND DISCUSSIONS 

Our solution is demonstrated for the condensation 
of the binary mixture CS2-Ccl4 (carbon disulfide- 

carbon tetrachloride) on water at total pressure of 
760mmHg. This mixture is immiscible in water but 
the condensable components have a complete mutual 
miscibility. The physical properties of the mixtures 
and that of the pure components, as well as the 
equilibrium relationship, were evaluated by consulting 
references [ 15-181. 

The results for the leading edge namely small 5, 

are reported in Fig. 2. In this case the interfacial 

0 1 I 

L63 5c 60 T 7c 76 t 

Pu,t 
1. ‘i 

Pure 
cs, cc iA 

FIG. 2. Heat flux ratio for small x in condensation of 
CS2-Ccl4 on H,O (P = 760mmHg). 

surface. The effect of the thermal driving force (T, - T’,) 
is also shown in Fig. 2 and it may be concluded that 

by increasing its value, the actual heat flux tends also 
to increase. This behavior, however, is completely 

opposite to the case of condensation in the presence 
of a noncondensable gas [20-211. 

The above-mentioned trends can be explained by 

analyzing the following simplified model : If we assume 
total condensation of the vapor, mass balance yields 
that Zi = w,. By plotting this result, line AD in 
Fig. 3, on the equilibrium diagram T vs i?, W, we obtain 

at point B the interfacial temperature T. Now, we 
plot the To line which is parallel to the T, line. The 
heat fluxes are proportional to the temperature differ- 

ences, hence Q(B = ax)/Qm(B = co) = BC/AC explains 
the previous phenomena. 

FIG. 3. Schematic equilibrium diagram 

resistance was neglected, namely B = co, and hence 
equations (30)-(32) were applicable. Q(B = co) is the 
dimensionless heat flux which is defined by the dimen- 

sionless temperaturegradient, 86/&j, where Q,(B = cc) 
is the maximum heat flux evaluated when T = ‘I,. 

From reference [19] Qm(B = co) = l/J(rrt). The heat 
flux ratio is plotted vs the bulk temperature of the 
vapor mixture, starting from the boiling point of pure 

CS2 up to that of CCL+. The parameter of the curves 
is the maximum driving force (T, - To). The general 
conclusion which may be drawn from Fig. 2 is that 
the actual dimensionless condensation flux is lower 
than the maximum one. As observed also, all curves 
exhibit a minimum value for the heat flux ratio with 
a value of unity at the extreme temperatures corre- 
sponding to condensation of a pure vapor. 

As recalled, forced convection in the vapor phase 
was also included in the analysis. It is investigated 

only for small 5 where its influence is most pronounced. 
The dotted lines in Fig. 2 demonstrate this effect, where 
U, was chosen ten times higher than the liquid surface 
velocity u,. Since Qm(B = co) is unaffected by forced 

convection, we may observe that forced convection is 
appreciable only for relatively small values of (T, - T’,) 
where for large differences, for example 35degC, it is 
negligible. 

This behavior is due to the diffusion in the vapor 
phase by which concentration of the more volatile 
component (CS,) becomes higher at the interface as 
compared to its concentration in the bulk. It should 
be noted that this behavior is similar to condensation 
of a vapor in the presence of a noncondensable gas 
where the latter tends to accumulate at the condensing 

The effect of the surface resistance (inversely pro- 

portional to B) on the condensation heat transfer is 
illustrated in Figs. 4 and 5. Figure 4 corresponds 
to bulk conditions at saturation temperature of 65”C, 
whereas for Fig. 5 the saturation bulk temperature is 
76°C which corresponds to very low concentration of 
the more volatile component (CS, with w, = 0.0121). 
Note that Q corresponds to the actual local flux in the 
presence of surface resistance where Q(B = co) is the 
local heat flux when the interfacial resistance is 
negligible. As expected, the effect of the surface resist- 
ance is appreciable at the entrance region where the 
. I 
heat flux ratio is lower than unity. Note that at 5 = 0, 
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L 
O/B=ml 

FIG. 4. Effect of surface resistance (l/B) on heat flux ratio in 
condensation of CS2-CCL, on HZ0 at 65°C. 

FIG. 5 

-__-_dT = 5QC 

I 1 I 

0 05 10 I=$ 
x 

Effect of surface resistance (l/B) on heat flux ratio 
in condensation of CS2-Ccl4 at 76°C. 

Q = B while Q(B = co) = cc ; hence the heat flux ratio 
must be zero at 5 = 0 for all finite values of B. In 

general it is also observed that as 5 increases, the 
local heat-transfer ratio also increases and might reach 
values much higher than unity, but as 5 --) cc it must 
approach unity. This phenomenon is also accentuated 
in condensation of almost a pure vapor, as Ccl4 in 
Fig. 4 with bulk contraction of 0.9879. This behavior 
is explained as follows: if the condensation unit is long 
enough, the coolant must eventually reach the satu- 
ration temperature of the condensing vapor and the 
total amount of heat delivered to the coolant is pro- 
portional to j,” Qd& However, at the leading edge 
Q z B and is lower than Qm(B = co) which means it 
must be higher for higher values of 5. This explains 
also the maximum in the heat flux ratio versus 5 which 
is clearly observed in Fig. 4 for B = 5. A practical con- 

clusion which may be drawn from this discussion is 
that the effect of the high surface resistance is indeed 
appreciable on short ducts rather than on long ones. 
For long ducts, of course, the integrated condensation 
rate must be independent of the value of the interfacial 
resistance. 

,5 11 2 i ---- 

““\\ 
--------L -__- 

-! 

FIG. 6. Variation along r: of the interfacial concentration, 
temperature and heat flux for B = cc and 7’, = 65°C. 

3 
T, = 76 “C, w, = 0.0121 

-AT = 2OO.C 

----AT = 5*C 

2 

I 

0 
0 OS 15 

J 

FIG. 7. Variation along 5 of the interfacial concentration, 
temperature and heat flux for B = cc and T, = 76°C. 
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Figures 6 and I, corresponding to B = co, provide 
typical variations of the interfacial temperature and 
concentration as well as Q(B = co) with 5. The latter 

makes it possible to calculate the actual condensation 
flux Q with the aid of Figs. 4 and 5 once the value 
of B is known or vice versa. An important conclusion 
with regard to the range of validity of the similarity 
solution (B = CO) may be drawn from the temperature 
profiles. As recalled, the similarity solution yields 
fli = constant (equation 29) for the entrance region. 
The curves show that this result may practically be 
applicable up to 5 = 0.1. Note in Fig. 7 that all Q’s 

are quite identical for small 5 as compared to Fig. 6. 
This is because the bulk concentration of the volatile 
material is low and corresponds to almost condensation 

of a pure component, namely CCll with boiling point 
of 76.8”C. 

Theoretical results for condensation of binary 
mixtures were also reported by Sparrow [22], Denny 
[23] and Marschall [24]. They considered the case of 
film condensation on a cooled wall rather than direct 
contact. However, the general trends which were 
observed are similar. 
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CONDENSATION DES MELANGES BINAIRES PAR CONTACT DIRECT 

R&urn&On prCsente une analyse, de type couche limite, de la condensation des melanges binaires 
de vapeur par contact direct avec un rkfrigtrant en ecoulement laminaire dans une conduite. Le 
condensat du mklange binaire peut Ctre miscible ou non avec le rtfrigkrant. NCanmoins les deux 
composants condensables sont suppos&s complttement miscibles. L’analyse inclut aussi les effets de la 
convection de la vapeur et de la rksistance B l’interface vapeur-liquide. L’analyse suppose des propri&% 
constantes qui sont &al&es ti un &at de rkfkrence approprik. 

L’tquation de couche limite est rCsolue numkriquement dans un systime transform& de coordonnCes 
qui admet une solution affine pour les conduites courtes quand la rtsistance est nkgligeable (B = co). 

La solution est obtenue pour la condensation du mtlange CS2-CCll, non miscible dans I’eau. 
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Dam le cas oh B est infini au bord d’attaque. I’analyse prevoit une reduction appreciable des fux 
de condensation compares aux valeurs maximales obtenues quand la temperature moyenne de la 
vapeur existe a I’interface. Cette reduction depend de la composition du melange et de (T, - To). 
L’effet de la convection for&e est trouve sensible seulement pour des valeurs relativement faible de 
(T, - T,). L’effet dela rtsistancede surface est appreciable presdu bord d’attaque. Les resultats indiquement 

aussi que la solution affine peut etre etendue jusqu’a [ = 0. 1. 

KONDENSATION VON BINAREN GEMISCHEN DURCH DIREKTEN KONTAKT 

Zusammenfassung--Die vorliegende Arbeit stellt eine Grenzschichtbetrachtung bei der Kondensation 
von binlren Gemischen durch direkten Kontakt mit laminar flief3ender Kiihlfliissigkeit im Rohr dar. 
Das Kondensat des binaren Gemischs kann mit der Kiihlfliissigkeit mischbar sein oder nicht. Es wird 
aber angenommen, da13 beide Komponenten des Kondensats miteinander vollkommen mischbar sind. 
Die Betrachtung schlieDt ebenso die Wirkung der erzwungenen Konvektion des Dampfes ein wie such 
den Widerstand an der Grenzschicht zwischen Dampf tmd Fhissigkeit. Es werden konstante Eigen- 
schaften angenommen, die auf einen entsprechenden Zustand bezogen werden. Die Gleichungen fur 
die Grenzschicht wurden in einem transformierten Koordinatensystem numerisch gel&t, welches eine 
Losung durch ,&hnlichkeitsbetrachtungen fir kurze Rohre und einen vernachlassigbaren Oberflachen- 
widerstand gestattet (B = co). Die Losung wird ftir die Kondensation des unliishchen Gemisches 
CS2-CCL4 auf Wasser unter atmosphlrischem Druck vorgeftihrt. 

Fiir den Fall B = cc und an der Anlaufseite wird eine merkliche Erniedrigung des Kondensatanfalls 
vorausgesagt, verglichen mit den maximalen Werten, die gewonnen werden, wenn die Temperaturen 
im Damp@ern und an der Grenzschicht gleich sind. Diese Erniedrigung hlngt von der Zusammensetzung 
des Gemischs und vom Maximum des thermischen Potentials (T, - To) ab. Die Wirkung der erzwungenen 
Konvektion ist nur fur verhlltnismll3ig kleine Werte von (T, - T,,) erheblich. Die Wirkung des 
Oberfllchenwiderstandes ist in der Nlhe der Anlaufseite beachtlich. Die Ergebnisse zeigen ebenfalls, daB 

die Ahnlichkeitslosung bis zu 5 = 0.1 ausgedehnt werden kann. 

HEflOCPEfiCTBEHHAJl KOHTAKTHAII KOH~EHCAHMJT EMHAPHblX CMECEH 
hHoTaqun- Artan&isMpyercn IIO~paHHYHbliiCnOtiJIpMHe~OCpe4CTBeHHO~KOHTaKTHO~ KOHfleHCaUMM 

6HHapHblX CMeCeti napa Ha JlOBepXHOCTB TelInOHOCMTeJlR Up!4 er0 naMMHapHOM TeYeHMM B Tpy6e. 

KOHL(eHCaT6HHapHofiCMeCH MOXeTHeCMellIMBaTbCIlHnMCMelllMBaTbCIlCTC~nOHOCATeneM.OnHaKO, 

UpeflIIOJIaraeTCR, 'IT0 o6a KOHfleHCMpyeMblX KOMnOHeHTa nOflHOCTbKJ CMeU,ABaK)TCR. npFi aHanM3e 

yWTblBaeTG-4 BnMRHHe BblHyXfleHHOk KOHBCKUMH M COfIpOTHBneHMn Ha nOBepXHOCTM pa3Aena: "ap- 

xwKocTb. npennonaraercn, 'iT0 OUCHMBaCMble B COOTBeTCTByK)U,eM Ha'ianbHOM COCTORHHM 

CBO8CTBa nOCTOIHHbl. 

YpaBHeHMenOrpaHM~HOrOcnon peureH0 YMCneHHO Bnpeo6pa30BaHHo~cPicTeMeKOOp~PiHaT,rne 

IJJl$l KOpOTKMX Tpy6 B311TO peUleHMe noao6rtn M np!-iHHTO, 'iT0 UOBepXHOCTHOe CO,TpOTMB,7eHMe 

npeHe6pewiMo Man0 (B- cc). 

~p~Me~e~nepe~eH~~no~a3a~o~anpn~epeKoHneHcau~~Hec~e~uM~a~uleilcflC~ec~CS,-CCI, 

Ha llOBepXHOCTM BOAblnpM aTMOC~epHOMIlaBneHl4M. 

Ilp14 B ~ cc anannrmiecknti pacrer arm nepenHeii KP~MKM naeT 3naqrirenbnoe yMetibtnertr4e 
~OTOKaKOH~eHCaTa~OCpaBHeH~K,CMaKCMMa~7bHblMM3H~YeHMRMM,~OnyYeHHblMM BC,,yYaeHa,,MW~ 

Ha IlOBepXHOCTM pa3LleJIa CpeflHeMaCCOBOfi TeMilepaTypbl IIapa. 

3KO yMeHbUleHMe 3aBMCMT OT COCTaBa CMeCM M MaKCMManbHOfi TennOBOti ~BVxylUeiiCrt CMIlbl 

(r,- r,). BnMntiMe BblHyXL,CHHOfi KOHBeKUMM RBnReTCR CyLUeCTBeHHblM TOJlbKO B CnyYae OTHOCM- 

TenbHO ManblX 3HaYeHMil (T, -r,,). nOBCpXHOCTHOe COlIpOTHB.VeHHe OKaSblBaCT 3HaqMTCnbHOe 

BnMRHMe B611M3M nepentlei? ~p0MKi4. nOJTyqeHHblC pe3ynbTaTbl TaKxe ROKa3blBaK)T, 'IT0 pemeHue 

nono6nn hlOxeT 6blTb NpMMCHeHO K cnyraro f = 0,1. 


