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Abstract-Simultaneous melting-condensation on a vertical wall with noncondensable gas in the vapor is 
investigated analytically and experimentally. Using similarity transformations, the full boundary-layer 
equations governing the immiscible melt, the condensate and the vapor-gas layers are solved numerically. 
Results are obtained for the melting heat transfer rate both without and with noncondensables and 
interfacial resistance. In the analysis low and high Prandtl number melts are considered while the condensate 
is assumed to be a high Prandtl number liquid. Experiments are conducted by condensing steam with air 
onto vertical surfaces of naphthalene and Wood’s metal slabs. The data are found to compare well with 

the no interfacial resistance and large condensation coefficient predictions. 

INTRODUCTION 

WHEN a solid structure is exposed to a vapor-non- 
condensable gas mixture and the melting temperature 
of the solid is less than the temperature of the mixture, 
simultaneous melting-condensation may occur. This 
phenomenon is of particular interest in nuclear reactor 
safety and has several applications in the chemical 
industry such as desalination. In this work, steady- 
state condensation-melting of a vertical surface 
exposed to vapor of another liquid with non- 
condensable gas in it is studied. 

The problems of steady-state condensation and 
steady-state condensation-melting for vertical surfaces 
in the absence of a noncondensable gas have been 
studied by several investigators including Taghavi- 
Tafreshi and Dhir [l]. In ref. [l] steady-state sim- 
ultaneous melting-condensation on a vertical wall 
with no noncondensable gas in the vapor was inves- 
tigated both analytically and experimentally. Using 
similarity transformations, the full constant property 
boundary-layer equations governing the laminar melt 
and condensate films were solved numerically for 
high Prandtl number liquids. In ref. [2] Taghavi- 
Tafreshi extended these results to relax the high 
Prandtl number restriction. Both the inertia terms 
in the momentum equations and the convective terms 
in the energy equations were included in this later 
work. 

The problems of steady-state condensation and 
steady-state condensation-melting with a noncon- 
densable gas present in the vapor have been studied 
by several investigators including Sparrow and Lin 
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[3], Minkowycz and Sparrow [4] and Yen et al. [S]. In 
ref. [3] Sparrow and Lin investigated the problem of 
condensation onto a vertical wall with a non- 
condensable gas in the vapor. The molecular weight 
of the gas was assumed to be higher than that of 
the vapor. For the condensate layer, they assumed 
a constant property Nusselt-type analysis. Constant 
properties were also assumed for the vapor-gas 
mixture. The buoyancy term in the mixture momen- 
tum equation was modeled using the ideal gas law and 
it was assumed that the temperature variations across 
the mixture layer were insignificant. The governing 
boundary-layer equations for the mixture layer were 
transformed into ordinary differential equations using 
similarity transformations. The differential equations 
were then formally integrated and numerically solved 
by iteration of trial solutions. Results were presented 
for the steam-air system. They then compared their 
analytical results with the experimental results of 
Othmer [6] and found that the agreement between the 
two was quite satisfactory. Minkowycz and Sparrow 
[4] refined the analysis presented in ref. [3]. In this 
later work variable fluid properties were taken into 
account in both the mixture and the liquid layers. The 
buoyancy term in the momentum equation considered 
both concentration and temperature variations. The 
governing partial differential equations were trans- 
formed into similar form and were then formally inte- 
grated and solved numerically by iteration. Results 
were once again presented for the steam-air system. 
These refined analytical results were then compared 
with those presented in ref. [3] and the agreement 
between the two was satisfactory. Yen et al. [5] inves- 
tigated both analytically and experimentally steam 
with air in it condensing onto a vertical slab of ice. 
The authors used the work of Tien and Yen [7] to 
analyze the constant property condensate-melt layer 
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NOMENCLATURE 

a condensation coefficient Greek symbols 
c constant defined in equations (1 I), (17) tl thermal diffusivity 

and (25) Y coefficient in the expression for the 

CP specific heat Nusselt number 
D diffusion coefficient A7Vl 
F, P 

net melted mass lost during an 
similarity function experiment 

f similarity function for the vapor-gas A&J vapor pressure drop at the free surface 
mixture At duration of the experiment 

9 gravity 6 film thickness 
/i average heat transfer coefficient E TIT, 
h fa latent heat of vaporization of the %C similarity variable defined in equations 

condensate (lo), (16) and (24) 
h,, latent heat of fusion of the solid ? Ill&X maximum q considered in the vapor-gas 
hl, h,, corrected for subcooling of the solid mixture layer 
k thermal conductivity 8, @ dimensionless film temperature defined 
L surface height in equations (12) and (18) 
M M,I(M, - MJ In viscosity 

MS molecular weight of the gas V kinematic viscosity 

M” molecular weight of the vapor P density 

ms mass fraction of the gas 

$ 
m,--m,cC 

NM Nusselt number stream function. 
Pr Prandtl number 

Q rate of heat transfer Subscripts 

9 heat flux at wall with gas in vapor no subscript vapor-gas mixture layer 

40 heat flux at wall with no gas in vapor and 
; 

condensate layer 
no interfacial resistance refers to the free surface at Y = 6, + 6, 

R thermal resistance i refers to interface between the 

& gas constant of the vapor condensate and melt layers 
R,, R,, R4, R5, R6, R7 constants defined in m melt layer 

equations (35), (36), (37), (38), (40) and s solid 

(45) t total or overall 
SC Schmidt number x derivative with respect to x 
T temperature [K] Y derivative with respect to Y 
T meli melting temperature of the solid co refers to value in the vapor-gas bulk far 
T sat saturation temperature of the vapor away from the free surface. 

T0 subcooled temperature of the solid 
u component of velocity in the x-direction Superscripts 
V component of velocity in the y-direction ’ derivative of the function with respect to 
W surface width its argument 
x axial coordinate parallel to gravitational 0 evaluated at inner edge of the layer 

acceleration and measured from 1 evaluated at outer edge of the layer 
leading edge of the solid wall averaged over the height of the melting 

Y coordinate normal to the surface. surface. 

and that of Sparrow and Lin [3] to analyze the steam- 
air mixture layer. The similarity equations for the 
vapor-gas layer were formally integrated and solved 
iteratively. Experiments were conducted with a mass 
fraction of the air in the steam ranging from 0.12 to 
0.59. The analytical and experimental results were 
found to be in good agreement. 

In this work condensation-driven melting of a ver- 
tical wall is analyzed for the case when the melt and 
the condensate are two different immiscible sub- 
stances and a noncondensable gas is present in the 

vapor. The constant property governing equations for 
the condensate and melt layers are formulated the 
same way as was done in ref. [2] while those for the 
vapor-gas mixture are set up as was done in ref. [3] but 
including the tem~rature variation in the buoyancy 
term of the momentum equation [SJ. The inertia and 
convective terms are retained in the condensate and 
melt momentum and energy equations. Unlike the 
approach taken in refs. [3-5] the governing equations 
are not formally integrated and solved by iteration of 
trial solutions ; rather they are numerically integrated 
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in their differential form using a higher-order accurate 
Runge-Kutta routine and a predictor-and-corrector 
method. Experiments were conducted by condensing 
steam with air in it on the vertical faces of slabs made 
of naphthalene and Wood’s metal. The Prandtl num- 
bers of the naphthalene and Wood’s metal melt layers 
are 10.0 and 0.0251, respectively. These two materials 
thus represent the usually called ‘large and small 
Prandtl number limits’. 

ANALYSIS 

The physical model used in this study is shown 
in Fig. 1. A vertical, isothermal wall at its melting 
temperature is exposed to a vapor of another immis- 
cible liquid with a noncondensable gas present in the 
vapor. The melting temperature of the wall is less than 
the bulk temperature of the vapor-gas mixture which 
is also at least the saturation temperature cor- 
responding to the partial pressure of the vapor. The 
latent heat of vaporization released during con- 
densation of the vapor leads to melting of the solid. 
The vapor condenses in the form of a film and both 
the melt and condensate films flow downwards due to 
gravity. The various assumptions made are : 

1. During the melting process, which is assumed 
to be steady, the wall is maintained at its melting 
temperature. The analysis will be valid for subcooled 
walls for times greater than [257r~~~k~~~(T,,,~,~- T,,)*/q*] 
provided the latent heat of fusion is corrected to 
account for subcooling of the wall by 

&, = h,, + Cps(~llX,t - i-l?). (1) 

The above steady-state time criterion was obtained 
using results presented in ref. [8]. 

2. The condensate spreads very easily on the melt 
layer so that filmwise rather than dropwise con- 
densation occurs. 

Solid At Melting 

FIG. 1. Physical model for simultaneous melting-con- 
densation on a vertical wall with noncondensable gas in the 

vapor. 

3. The transient times during which the condensate 
and melt layers reach their steady-state thicknesses 
are much smaller than the times of interest. This can 
be confumed using the analysis presented in ref. [9]. 

4. The leading edge region where surface tension 
between the two liquids could be important is much 
smaller than the height of the melting surface. 

5. In the assumed two-film model, the melting rate 
will be a function of x, and because of this the initially 
vertical wall will start to deviate from its original 
shape. In the present work the surface is assumed to 
remain vertical. Therefore, the present analysis is valid 
only for time periods in which the deviation of the 
melting surface from the original vertical shape is 
small. 

6. The axes are fixed on the wall and move into the 
solid as the melting front progresses. Thus each new 
position of the axes represents a quasi-static state. 

7. The molecular weight of the noncondensable gas 
is greater than that of the vapor. 

8. Constant properties are assumed for both the 
condensate and melt layers as well as for the vapor- 
gas mixture. The analysis will be presented for the 
case of the condensate Prandtl number being greater 
than one and the melt Prandtl number being less than 
one. However, with minor analytical changes which 
are presented in ref. [2] any Prandtl number com- 
bination of condensate and melt can be treated. 

Evidently, assumptions 3 and 5 can be conflicting ; 
but the times at which a significant change in the shape 
occurs will generally be at least an order of magnitude 
longer than the times at which the melt and con- 
densate layers reach their steady-state thicknesses. 
This will be discussed later. 

The steady-state, constant property, boundary- 
layer equations for either the melt, condensate, or the 
vapor-gas mixture layers are 

Ujx + V,y = 0 (2) 

uj”jx + vj”,y = .CJ@, - P co)lPj + “j”jyy (3) 

Uj T,, + VI T,y = C[i Tjyy (4) 

where the subscript j refers to either the melt, con- 
densate, or the vapor-gas mixture layers. In the fol- 
lowing analysis the melt layer is denoted by the sub- 
script m, the condensate layer by the subscript c, and 
the vapor-gas mixture has no subscript. Furthermore 
for the vapor-gas mixture the species equation is 

u mgX + v mgY = D mgyy. (5) 

The following boundary and interface conditions 
are applicable to the layers 

u, = 0, T,,, = Tmelt at y = 0 (6) 

%I = u,, uln = v,, T,,, = Ti, T, = T,, 

kdu,h = !-4zwaY, 

I 

at y=6, 

%J&n = d&&lx 

(7) 
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u = u,, 

,444n + Wdx- 01 = p&d@, +&)/dx-o,], 

k&&$ = &lay, T, = T,, T = T,, 

pum,d(&, + 6,)ldx + pDam,lay - m,pv = 0, 

mg = mgf I 

at y = a,+& 

u=O, T=T,, m,=m,, aty= co. 

u, = 4cr,c:x’12F;, 

v, = a,c,x - “%c + (cJc,)s~,)F: - 3Fcl. (19) 

Using the transformations (16t( 19) the governing 

(8) 
equations for the condensate layer become 

FC”+(1/Pr,)[3FCFL-2(F:)*]+l = 0 (20) 
(9) 

&‘+3F,fI: = 0. (21) 
The last interface condition in equation (7) results 
from the fact that a fluid particle at the melt-con- 
densate interface should follow the interface path line 
since there is no mass transfer across that interface. 

The second interface condition in equation (8) is mass 
continuity at the free surface. The next to last con- 
dition in equation (8) is due to the fact that at the free 
surface, air is insoluble in the condensate layer. The 
interfacial and boundary conditions listed above do 
not include the matching of the heat fluxes at the melt- 
condensate interface. This condition will be used later 
to determine the temperature of this interface. 

As was done in refs. [3, 51 the difference in den- 
sities in the buoyancy term of the vapor-gas mixture 
momentum equation is given by 

(P-PA/P = NM-m,J(l -4+44/[~-~nml 

where 

(22) 

M = M,/(M,-M,), E = T/T,, q?~ = m8-m._. 

For a low Prandtl number melt layer, a similarity 
parameter ij,,, for the melt layer is defined as 

(23) 

Using the similarity variable and functions given in 
ref. [3] fim = Pr; ‘i4cmy/x’/4 (10) 

where 

The condensate velocities are 

rj = c[y - (6, + S,)]/x”” (24) 

cm = [SCpm(Pm-Pm)/(4vm~m)l”4~ (11) where 

The similarity functions are defined as c = { g/[4v2(M-m,,)]} “4 (25) 

Fm(fim) = Pr; ““$,/(4cI,c,x3’4), f(q) = $/(4vc~~‘~), E(V) = T/T,> 

P,(qm) = (Tm - Tm,rJ/(r - Tm,lt). 
(12) 

MI) = mg-mgm. (26) 

In equation (12) $,,, is the stream function for the melt The vapor-gas mixture velocities are 

layer. The melt velocities are related to the similarity 

function F._ as 
u = 4vc2x”2f’, v = vcx~““{[?+(c/c,)rlbc]f’-3f}. 

11~ 

(27) 

&n mmm = 4X c2pr’12x112~ 

VIII = c( c Pr3/4x-1!4[~~~m-3~~]. 
(13) With the transformations (24)-(27) the vapor-gas 

mm m I momentum, energy and species equations become 

f”‘+3ff”-2(f’)‘+&+(l-s)(M-mmg,) = 0 
Using the transformations (lOb( 13) the momen- 

tum and energy equations for the melt layer become (28) 

&‘+3~,&,-2&J2+1 = 0 (14) 
d’+3Prf~’ = 0 (29) 

8: +3PrJm8; = 0. (15) 
@+3Scfcp’ = 0. (30) 

For a high Prandtl number condensate layer the simi- The boundary and interface conditions are trans- 
larity variable and functions are given in ref. [l] formed as 

r?C = cC(Y--nl)lx”4 (16) p:, = 0, B, = 0 atG,=O (31) 

where p = Pr-r’2F m C =, F, = 0, 0, = 1, 8, = 0 

CC = ]gc&, - p,)l(4v&,)l If4 (17) at& = iiam 

F,(Q) = ~,/(4a,c,~‘~~), p’ = Pr-‘/4R F” m m 2 CI Fm=O orqC=O i 

Q&I,) = (T,- r,)/(Tr-- r). (18) (32) 
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f’ = R,F;, f = R,F,, F: = RJ’, atnc = qac 

& = 1, E = TJT,, I 
4’(W~(O) +m,ml+ 35?-(O) = 0, 

4(O) = mgf - mgm or?=0 I 

(33) 

f’=O, &=l, $=O at?= co (34) 

where 

Rz = P,w-~/(P,G~:) (35) 

R, = [(M-m,,)/Pr,]“* (36) 

RS = ~cwcl@vc) (37) 

R, = w’/(PPJ:). (38) 

Another interface condition is that at the free sur- 
face a saturation state exists for the condensing vapor. 
There are three other parameters : Ti, i&, and qac that 
are not known a priori. Three relations are needed to 
determine these unknowns. These relations are the 
matching of heat fluxes at the melt-condensate inter- 
face and the energy balance for each of these two 
layers. The matching of heat fluxes yields the interface 
temperature Ti as 

~1,(46,) = J’r:4R,K(0)(Tr- Q/V’, - T,,,,) (39) 

where 

R3 = kc,/kncnJ. (40) 

The energy balance at the melt front y = 0 or ij,,, = 0 
is written as 

MT,/W,=o = ~mhs~~,ly=~. (41) 

In terms of similarity variables equation (41) trans- 
forms to 

c,,(T, - Tm,,Jl(J’r,&J = -3Em(Gm = O)/gk(iim = 0). 

(42) 

The energy balance at the free surface y = 6,+ 6,, 
qc = q&O or rt = 0 can be written as 

k,aT,/ay = kaT/ay-pch,,[v,-u,d(6, +6,)/dxl. 

(43) 

Using the similarity variables equation (43) trans- 
forms to 

cpc(Tr- T,)lhrg = 3F,(1,,)/e::(r,,)+R,&‘(O)/e:.(rlsc) 

(44) 

where 

R, = kT,cl(p,hr,a,c,). (45) 

Condensation on a free liquid surface can be con- 
sidered as an effusive molecular flow. In a real con- 
densation process the net flow of vapor to the free 
surface will correspond to a drop in the temperature 
of the free surface or a lowering of the vapor pressure. 
The vapor pressure drop at the free surface is given in 

ref. [lo] as 

(46) 

where R, is the gas constant of the vapor. The vapor 
pressure drop at the free surface corresponds to a 
drop in the saturation temperature. Therefore this 
interfacial resistance will decrease the heat transfer 
rate at the melting wall. 

Method of solution 
For the purposes of computation it is advantageous 

to fix the temperature at the free surface, T, and then 
to determine what mass fraction of gas in the bulk, 
mgm, corresponds to this temperature. Thus present 
calculations are made by parametrically varying Tf 
between T,,,, and T,. 

Upon inspection of the governing differential equa- 
tions with the associated boundary and interface con- 
ditions it can be determined that if 

K(y16c) = 0 (47) 

in equation (33) and 

c&T,- r,)/& = 3F&JK(r?,J (48) 

in equation (44) then the condensate and melt layers 
are mathematically decoupled from the vapor-gas 
mixture layer. Equation (47) physically corresponds 
to the case of zero shear stress at the condensate layer 
free surface while equation (48) implies that the heat 
conducted to the free surface from the vapor-gas mix- 
ture is much less than the latent heat which is released 
upon condensation. Both of these conditions apply to 
the case of the condensate being steam with air mixed 
in it. For the cases examined here the exact cal- 
culations show that the assumption of zero shear 
stress results in an error in the wall heat transfer 
rate of less than 1% and the contribution of heat 
conduction to the free surface is less than 3% of the 
heat released by condensation. Therefore in the pre- 
sent analysis equations (47) and (48) replace the cor- 
responding items in equations (33) and (44). 

The equations governing the melt and condensate 
flows are mathematically coupled through their 
matching conditions at the melt-condensate inter- 
face. Inspection of the form of the differential equa- 
tions and their boundary and interface conditions 
suggests that an easy solution algorithm can be devel- 
oped if the melt and the condensate layers are un- 
coupled. This can be accomplished by assigning ar- 
bitrary values to the shear stress and the velocity at 
the meltcondensate interface. For assumed values of 
Prm’14R Pr’14R Pr m 2, m 3, In, f’r,, c,,V’f- Tmed/WmM, 

and cpc( Tf - Tmel,)/hfg with condensate values evalu- 
ated at Tf the governing equations for the melt and 
the condensate are then numerically integrated while 
matching the boundary conditions at the free surface 
and at the wall. The corresponding melt and con- 
densate parameters are then calculated from equa- 
tions (42) and (48) and are compared to the assumed 
values. An iteration scheme is then used to find values 
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for the shear and the velocity at the melt-condensate 
interface that yield the assumed values of the melt and 
condensate parameters. Additional details are con- 
tained in ref. [2]. 

Having the results from the melt and the condensate 

layers, the vapor-gas layer is then analyzed. The mass 
fraction of the gas in the bulk, mgrn, is guessed. Know- 
ing T,, mgf is calculated having the saturation pressure 

of the steam from the steam tables and the total press- 
ure as well as the molecular weights of the air and the 
steam. The thermophysical properties of the vapor- 
gas mixture are calculated using mixture rules pre- 
sented in ref. [ 1 l] with a reference mass fraction of the 
vapor equal to two-thirds of the free surface value 
plus one-third of the vapor mass fraction in the bulk. 

The reference temperature used is the sum of two- 
thirds of Tr and one-third of T,. At the free surface 
f’(O), f(O), s(O), 4(O), and 4’(O) are calculated using 
the known condensate values and equations (33). The 
values of f”(0) and s’(0) are guessed and the vapor- 
gas mixture momentum, energy and species equations 
are numerically integrated from q = 0 to q = qrnai. For 
the present applications r~,,,,, is less than 7. If at n,,, 
the values off’ # 0 and E # 1 then new guessed values 
for f”(0) and s’(0) are used and the process is repeated. 

Finally if 4 # 0 at qmax a new guessed value for mgm 
is used and the whole process is repeated. Additional 
details of this method of solution are contained in 

ref. [12]. 
Using superscripts 0 and 1 to define the heat fluxes 

at the inner and outer edges of the films, respectively, 
the local Nusselt numbers for the melt and condensate 
layers can be written as 

aTIn 
Nu’ = (TL -xTm,,,) ay y = o 

hl-Pm)9W “4 (49) 

4v,k,(Ti - 7’~) 1 

= Yc’ 
(PC-Aom)dw3 “4 (50) 1 4v,k,(T,-- TJ . 

If only the melting rate of the wall is to be determined 
a local Nusselt number based on the total temperature 
difference between the vapor-gas bulk and the melting 

surface can be defined as 

arm 

Nup E (T, IT,,,,,,) ay y=o 

The Nusselt number based on the average heat trans- 
fer coefficient can be simply written as 

~ 4 (Pm -Pm)SM3 ‘,‘4 
Nup = 3” 4v,k,(T, - T,,,,) I 

(52) 

In the above equations yi, y: and yt are defined as 

cpm(T - Tnd “4 - 
rl = 

Pr,h,l 1 
KFLl = 0) (53) 

yc’ = [yfy T)] “40:(?, = rla,) (54) 

(r, - Tm,,) cpm(Tm - Tmd “4 

” = (Tm - Tm,,) J’r,h,l 1 
x 8;(ij, = 0). (55) 

If a noncondensable gas is not present T, and T, are 
equal to the saturation temperature of the vapor, T,,,. 

As mentioned earlier the interfacial resistance can 
be significant when the condensation rates are high. 
To consider the effect of interfacial resistance an aver- 
age heat flux analysis is used. The average wall heat 
flux, q, is determined from equation (52). Knowing 
the average wall heat flux and the free surface tem- 
perature, the vapor pressure drop, Ap, at the free 
surface is determined from equation (46) with h, and 
T evaluated at the free surface temperature for no 
interfacial resistance. The new vapor pressure is equal 
to the pressure for no interfacial resistance minus Ap. 
This new value at the free surface is used to determine 
the saturation temperature and the average wall heat 
flux, q. This value of q is again used in equation (46) 
and the process is repeated until the calculated value 
of q equals the assumed value. 

EXPERIMENTAL APPARATUS 

AND PROCEDURE 

Simultaneous melting-condensation experiments 

were conducted by condensing steam with air mixed 
in it at a total pressure of 1 atm on the vertical faces 
of slabs of naphthalene and Wood’s metal. In each 
run, data for the change in the mass of the slab were 
taken. 

The apparatus used for performing experiments 
had essentially five components : a boiler to produce 
steam ; an orifice plate to measure the steam flow rate ; 
an airflow meter to measure and regulate the amount 
of air added to the steam ; a viewing chamber in which 
the vertical slabs were placed; and a structure for 
holding the test slab in the viewing chamber. 
Figure 2 shows the experimental set-up. 

Steam was produced in a boiler rated at 0.02 kg s-’ 
of saturated steam at 1 atm pressure. The part of the 
steam that is not bled off passes through a metering 
orifice plate. The differential pressure gauge around 
the orifice plate along with the upstream pressure 
gauge are used to determine the mass flow rate of the 
steam. The steam flow rate thus determined is accurate 
to within 5%. The steam temperature is measured 
with a thermocouple placed near the upstream press- 
ure gauge. The mass flow rate of air is measured with 
a flow meter. The pressure and temperature of the air 
are measured with a pressure gauge and a thermo- 
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Pressure Gauge 

Glass Windows 
Bleed-off 

VIEWING CHAMBER 

FIG. 2. Test apparatus. 

couple placed at the outlet of the flow meter. With 
this arrangement the determined airflow rate is accur- 
ate to within 3%. The viewing chamber is made of 3- 
mm-thick stainless-steel sheet and has overall dimen- 
sions of 30 x 30 x 70 cm. Glass windows are provided 
in two adjoining sides of the tank to facilitate visual 
observations of the melting-condensation process 
during the experiments. At the bottom of the viewing 

chamber is a 2-cm-diameter drain hole so that any 
water which condenses on the inner walls of the 
chamber is removed. The upper part of the viewing 
chamber is a truncated pyramid with a 15cm-diam- 
eter opening at the top. The bottom part of the viewing 
chamber is also a truncated pyramid which joins a 
2.5cm-diameter elbow. The drain hole is drilled at 
the bottom of this elbow. Air is mixed with the steam 
in a short pipe attached to the elbow. The Reynolds 
number of the steam-air mixture within this pipe is 
calculated to lie in the turbulent range. Below the slab 
holder a 23-cm-diameter drip pan is placed in the 
lower pyramidal section. This drip pan not only 
catches the melt which drips from the test slab but 
also protects the slab from the blast of the steam-air 
jet exiting from the elbow. Thus the drip pan also acts 
as a deflection plate to obtain a near quiescent flow 
of the steam-air mix near the melting surface with a 
calculated velocity of less than 0.22 m s-l. In the 
side of the viewing chamber near the location of the 
melting slab are placed a pressure gauge and a ther- 
mocouple to determine the pressure and temperature 
of the steam-air mix. The structure for holding the 
test slab is essentially a wooden frame the walls of 
which cover most of the four sides of the slab (top, 
bottom and the two sides) while allowing the front 
and the back an unobstructed exposure to the steam- 
air mixture. The frame is attached to a wooden bar 
through a threaded rod. During the experiments the 
slab holder with the test slab in it is suspended by 
placing the wooden bar over the top of the viewing 
chamber. The position of the suspended slab is 
adjusted by turning the nut on the threaded rod. 

Prior to each experiment a slab of naphthalene or 
Wood’s metal was cast. To make these slabs the test 
solid material was melted and poured into a wooden 
rectangular mold placed on an aluminum sheet which 
was wider than the width of the mold. The molten 
material was cooled from below by placing pieces of 
dry ice on the portions of the aluminum sheet extend- 
ing out of the mold. This was necessary to initiate 
freezing at the bottom. A freezing front moving up 
from the bottom helped avoid cracking of the slab 
and yielded a smooth external surface. After casting, 
the slab was placed in a bath of warm water. The 
temperature of the bath was maintained 3 K below 
the melting temperature of the solid. This was done 
to make sure that almost all of the energy liberated 
during condensation was utilized only in melting of 
the solid. The steam flow rate to the viewing chamber 
was adjusted so that the energy content of the steam 
was several times the power needed for steady-state 
condensation-melting of the surface. 

Experiments were conducted by securing the slab 
in the holder which was then lowered down the open- 
ing at the top of the viewing chamber. The experiments 
were terminated when the end effects or the changes 
in the shape of the melting surface were seen to begin 
to influence the melting rate. 

After each experiment the test surface was visually 
examined. The visual observation showed uneven 
melting near the edges. To exclude the edge effects, 
the pits near the edges were filled with clay. Knowing 
the weight and the density of the clay the mass of the 
test solid needed to fill the pits was determined. This 
mass was then subtracted from the total mass lost by 
the slab during a particular experiment to determine 
the net melted mass, Am, of the solid. The average 
heat transfer coefficient, 6, was then determined as 

K= Amh,, 
2( T, - T,,,,,,) R’LAt’ 

In equation (56), W and L are the width and height 
of one test surface and At is the duration of the exper- 
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iment. It is shown in ref. [12] that the experimental 
values of h and yp are accurate to within f 11% and 
+ 12%, respectively. 

RESULTS AND DISCUSSION 

In the absence of the noncondensables in the vapor, 
the values of yp and the temperature drop across the 
melt or condensate layers can be obtained for large 
Prandtl number melts from ref. [l]. The results for 
low Prandtl number melts are shown in Figs. 3 and 4. 
Details of these results can be found in ref. [2]. In 
these two figures, the values of the dimensionless par- 
ameters are varied so that they cover the cases of 
uranium dioxide condensing on steel and steam con- 
densing on Wood’s metal. Figure 3 shows the depen- 
dence of the numerical constant y: on the modified 

melt parameter cpm( T,,, - T,,,,,,)/(Pr,h,,) while the 
condensate parameter cpc( T,,, - T,,,,,,)/hr, and the 
melt Prandtl number are varied parametrically. The 
results for the two limiting cases of Pr, + 0 (no 
convective terms in the melt energy equation) and 

cpc(Tsat - T,,,,,J/hfg = 0 (melting alone) are also in- 
cluded in this figure. It is noted that for thicker melt 

layers, In [c,,(T,,, - T,,,,)/Pr,h,,] > 2, the constant 
yp depends strongly on the melt Prandtl number, 
hence convective terms in the melt energy equa- 
tion cannot be neglected beyond this value of 

cpm(Tsat - T,,,,)/Pr,h,,. The neglect of melt convec- 
tive terms, in general, will result in overestimation 
of yp. For a given melt parameter the value of yp 
decreases as the condensate layer becomes thicker 

or cpc(Tsat - T,,,,,J/hfg increases. It is seen that for 
the set of the dimensionless parameters used in this 
figure, the values of y,” are always below those for 

melting alone, cpC( T,,, - Tm,,,)/hrg + 0. Presence of 
a condensate layer affects the melt layer and the melt- 
ing rate (or yp) in two ways. First, the condensate 
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FIG. 3. Dependence of the constant yp on cp,,,(T,,,- 
T,,&/P~,/z,~ for different values of cpC( T,,, - T,,,,,,)/h,, and Pr,. 

7 

FIG. 4. Dependence of (T, - T,,,,)/( T,,, - T,,,,,,) on cp,( r,,, - 
T,,,,,,)/Pr,h,, for different values of cFC( T,,, - T,,,,,,)/& and 

pr,,. 

layer decreases the temperature drop across the melt 
layer which in turn causes reduction in the melting 
rate and yp. Second, the condensate layer enhances 
the heat transfer by introducing a positive shear at the 
melt surface (which results in a thinner melt layer). 
For the parameters used in plotting the results in 
Fig. 3, the increase in condensate layer thickness 
reduces the value of y: for all cpm(Tsa,- T,,JPr,h,,. 
It is seen from Fig. 3 that as the melt parameter 
becomes large yP does not depend strongly on the 
condensate parameter and the value of yp approaches 
that for melting alone. 

The effect on y/ of varying the melt parameter is 
not as straightforward. The melt layer aJso affects the 
condensate layer in two ways. It reduces the shear 
at the inner surface of the condensate layer (melt- 
condensate interface) which results in a thinner con- 
densate layer, hence higher heat transfer. It reduces 
the temperature drop across the condensate layer 
which causes a reduction in the heat transfer. For 
small values of the melt parameter, the enhancement 
in heat transfer resulting from the thinning of the 
condensate layer is more than the reduction caused 
by the decrease in the temperature drop across the 
condensate layer and as such yp increases as the melt 
parameter is increased. However as the melt layer 
becomes thicker (where the shear at the melt- 
condensate interface is already small) the additional 
thermal resistance of the melt layer dominates any 
improvement in the heat transfer and values of yp start 
to decrease. 

Figure 4 shows the dependence of the ratio of melt- 
to-total temperature drop, (T, - T,,,,,,)/( T,,, - T,,,,,,), on 
the modified melt parameter, the condensate par- 

ameter and the melt Prandtl number. This ratio is 
seen to increase with increasing melt parameter 
(thicker melt layer) and with decreasing condensate 
parameter (thinner condensate layer). An interesting 
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mg- 
FIG. 5. Dependence of the ratio q/q0 on rng, for naphthalene 

and Wood’s metal slabs. 

observation that can be made here is that for all 
cases (T, - T,,,,,,)/( T,,, - T,,,,,,) tends to approach an 
asymptotic value less than one as the melt layer 
becomes very thick, cP,,,( r,,, - T,,,,l,)/Pr,h,, + co. This 
behavior is expected since condensation has to occur 
to cause melting and hence some condensate film 
resistance will always be there. 

The heat transfer to the wall can be calculated using 
equation (51) or (52) with yp being the value for no 
gas in the vapor and T, being the saturation tem- 
perature of the vapor. 

In Fig. 5 are presented the analytical results of the 
heat flux at the wall with gas in the vapor, q, divided 
by the value q. with no gas. The results are plotted 
for steam with air in it at 1 atm total pressure and 
100°C condensing on slabs of naphthalene and 
Wood’s metal. Interfacial resistance is ignored in these 
figures. The insert is an enlarged graph for the Wood’s 
metal case with mass fractions of the air varying from 
0 to 0.01. As is apparent from the figure, non- 
condensable gas affects the heat transfer rate much 
more seriously for the case of Wood’s metal than it 
does for the case of naphthalene. 

To explain the above observation a simplified ther- 
mal model of the problem is developed as shown in 
Fig. 6. The thermal network consists of three resist- 

antes : that of the melt, the condensate, and the steam- 
air mixture. The steam-air mixture resistance, R, 
includes both the heat transfer by conduction from 
the mixture as well as the effect of resistance to vapor 
diffusion. If the resistance R is much less than the 
sum of the thermal resistances of the melt and the 
condensate, (R, + R,), then to a very good approxi- 
mation the thermal resistance of the mixture can be 
ignored. However, when R is of the order of (R,+ R,) 
or greater then the resistance of the vapor-gas mixture 
must be considered. Table 1 presents the analytical 
results for a 1 atm steam-air mixture at 100°C con- 
densing on vertical surfaces of naphthalene and 
Wood’s metal slabs. The slabs are assumed to have 
lengths and widths of 0.3048 m. A location at a dis- 
tance of 0.0762 m (l/4 of the total length of the sur- 
face) from the leading edge is considered. The air mass 
fractions are 0.001 and 0.01. Interfacial resistance is 
ignored in this table. The thermal resistances are 
defined as 

R, +R = (T, - T,YQb = &rJ (57) 

R, = (rr- WQ(Y = hn) (58) 

Rm = CT - ~me,tYQ(~ = 6,). (59) 

As is apparent from the table, a small mass fraction 
of gas has a negligible effect upon the heat transfer 
rate in the case of a naphthalene melt but does have 
a major effect when the melt is Wood’s metal. This is 
because the Wood’s metal melt, with its high thermal 
conductivity, has a very small thermal resistance. The 
naphthalene melt, with its lower thermal conductivity, 
has a larger resistance. Therefore the added thermal 
resistance of the mixture layer is insignificant for the 
case of naphthalene but is very significant in the case 
of Wood’s metal. 

In Fig. 7 are presented the analytical results of q/q0 
both without and with interfacial resistance for the 
case of a 1 atm total pressure steam-air mixture at 
100°C condensing onto slabs of Wood’s metal. The 
value q,, is for the case of no interfacial resistance. The 
insert is an enlargement of the results for the range 
of rngm from 0 to 0.01. In calculating the interfacial 
resistance the value of the condensation coefficient a 
is taken to be 0.04. As can be observed from the figure, 
interfacial resistance does have a noticeable effect 
upon the wall heat transfer rate when a is 0.04 for 
the Wood’s metal case. Results are not presented in 
graphical form for the case of naphthalene because 
the effect of interfacial resistance is very small. The 
reason for this is that the value of q. for naphthalene 
is less than 4% of that for Wood’s metal. When a is 
assumed to be 1 .O the effect of interfacial resistance is 

condensate steam-air 

. 
L 

FIG. 6. Simple thermal network model of steam with air in it. 
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Table 1. Analytical results with no interfacial resistance for one atmosphere steam-air mix at 100°C 
condensing on vertical slabs at x = 0.0762 m 

Mass fraction of air 
0.01 0.001 

naphthalene-water Wood’s metal-water naphthalene-water Wood’s metal-water 

Tf (“Cl 98.06 73.45 99.74 86.06 
T, (“C) 97.88 70.98 99.54 74.57 
T,,I, (“C) 80.00 70.00 80.00 70.0 
Ql,=a, (Wl 1.695 x lo3 1.087 x lo4 1.821 x 10) 3.186 x lo4 
R (K W-‘) 1.14x 10-j 2.44 x IO-’ 1.43 x 1om4 4.38 x 10m4 
R, (K W-‘) 1.08 x lo-4 2.27 x 10m4 1.12 x lo-4 3.61 x lO-4 
R, (K W-l) 1.05 x 1om2 9.03 x lo-5 1.07 x lo-2 1.44x 10m4 

RI(Rm+RJ 0.11 7.69 0.013 0.868 

&&a, 0.92 0.228 0.99 0.67 

also very small for Wood’s metal. It should also be 
mentioned that the present work’s analysis for the 
condensate and melt layers includes the inertia and 
convective terms in the momentum and energy equa- 
tions. If these terms were ignored the calculated wall 
heat transfer rates for Wood’s metal and naphthalene 
would increase by about 22% and 7%, respectively. 

The analytical results of steam with air in it con- 
densing onto naphthalene and Wood’s metal slabs 
are presented in this paper. If other large and small 
Prandtl number melts are considered, as an engin- 
eering approximation the value of q can be estimated 
from Fig. 5 using the curve for naphthalene to 
approximate large Prandtl number melts and the 
Wood’s metal curve to approximate small Prandtl 
number melts. If accurate wall heat transfer rates are 
required the computer code presented in ref. [12] 
should be used. 
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FIG. 7. Comparison of the Wood’s metal data with analytical 
results. Condensation coefficient a = 0.04. 

Several experiments were conducted by condensing 
steam with air in it at 1 atm total pressure onto slabs 
made of naphthalene and Wood’s metal. The ther- 
mophysical properties of these materials are listed in 
ref. [2]. The vertical surfaces were generally 10 cm 
high and 7.7 cm wide. The experiments lasted about 
1 min. The duration of the experiments was chosen so 
that the end effects remained small and no appreciable 
change in the shape of the surface occurred. Using the 
results presented in ref. [ 131, it is found that the small 
change in the shape of the initially vertical surface 
during the experiments would have amounted to 
about a 3% change in the melting rate. However the 
time periods of the experiments were much longer 
than the times needed for the melt and condensate 
layers and the solid melt to attain their steady states. 
Using the analysis presented in ref. [9] the maximum 
steady-state times for the melt and condensate layers 
in the naphthalene and Wood’s metal experiments 
were 2.71 and 1.18 s, respectively. The melting process 
will initially also be unsteady due to the subcooling of 
the slabs. For a subcooling of about 3°C which was 
typical of the slabs used in the experiments, the time 
for the process to reach steady state is calculated from 
ref. [8] to be less than 1 s. 

It is shown in ref. [ 121 that for a distance 1.5 x lo- ’ 
m from the leading edge, the increased pressure due 
to surface tension and curvature of the interface will 
be less than 1% of the system pressure of 1 atm. Visual 
observations of the melting-condensation process 
showed that the vapor condensed in the form of a 
film and both the melt and condensate films flowed 
downwards. The water film was seen to be free of any 
ripples. The maximum Reynolds numbers for the melt 
and condensate films are calculated to be less than 
750, thus both films are expected to be laminar. On 
post-experiment examination the vertical surface was 
found to be generally flat with the upper horizontal 
edge and the vertical edges slightly contoured. The 
contouring of the upper horizontal edge was caused 
by faster melting at the leading edge while that at the 
sides was caused by exposure to the vapor on the two 
sides. 

The experimental values of yp and L which are 
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Table 2. Comparison of the predicted (both without and with interfacial resistance) and the observed values of the coefficient 
+yP and the average heat transfer coefficient !i. Condensation coefficient a = 0.04 

Naphthalene-water 
Melt-condensate 

Wood’s metal-water 

T-m 
Surface height L (m) 
Surface width W cm) 
Duration of expehient 

At (s) 
Temperature of mixture 

T, (K) 
Predicted rf no resistance 
Predicted 6 no resistance 

(kW mm2 K-l) 
Predicted $ with 

resistance 
Predicted /; with 

resistance 
(kW m-2 K-l) 

Data yf 
Data li (kW m-* K-l) 
% Error no resistance 
% Error with resistance 

0.000 0.195 
0.098 0.092 
0.075 0.070 

43.3 67.5 

371 367 

0.198 0.198 
0.095 0.096 
0.072 0.073 

65.4 69.4 

368 368 

0.000 
0.100 
0.076 

13.2 

372 

0.025 0.070 
0.100 0.100 
0.077 0.077 

38.7 55.7 

373 372 

0.145 0.250 
0.100 0.100 
0.076 0.077 

67.6 54.2 

370 368 

0.945 0.471 0.466 0.466 0.320 0.055 0.036 0.026 0.017 

1.09 0.547 0.541 0.540 20.8 3.55 2.32 1.68 1.11 

0.943 

1.09 

0.469 

0.545 

0.464 0.464 

0.539 0.538 

0.308 0.043 0.027 0.019 0.012 

2.81 1.76 1.22 0.774 20.0 

0.857 0.543 0.518 0.546 0.075 0.053 0.041 0.024 0.016 

0.988 0.631 0.601 0.633 4.85 3.45 2.68 1.56 1.03 

-9.3 f15.3 +11.3 + 17.2 -76.7 -2.9 + 15.3 -7.1 -7.2 

-9.1 + 15.8 +11.6 + 17.7 -75.8 +22.8 +51.8 +27.7 f33.3 

determined by knowing the net melted mass lost dur- 
ing the experiment and using equations (52) and (56) 
are listed in Table 2. In this table the analytical values 
of rt and /; are also included both without and with 
interfacial resistance with a = 0.04. The analysis 
assumes that the bulk temperature of the steam-air 
mixture is 373 K. The change in the total heat flux at 
the free surface is less than 1% when it is assumed 
that the bulk temperature is 373 K rather than the 
actual experimental mixture temperature. The exper- 
imental and analytical naphthalene wall heat transfer 
values are within 18% of each other. Experimental 
values for the case of Wood’s metal are also presented 
in Fig. 7. The data values hug the analytical curve for 
no interfacial resistance but are slightly above the 
curve which accounts for the interfacial resistance 
with a condensation coefficient of 0.04. It is noted that 
with the exception of the data point for mgm = 0 (pure 
vapor), the observed values of rf lie within + 15% 
and - 7% of the no interfacial resistance predictions 
and those with a = 1.0. However, the experimental 
values are up to 52% higher than the analytical values 
which include interfacial resistance with a = 0.04. 

The reason why the experimental value for Wood’s 
metal at mgm = 0 is much less than the analytical value 
can be explained with the use of Table 1. Whereas a 
small amount of air will not affect the naphthalene 
results significantly the opposite is true for the Wood’s 
metal case. It is impossible to eliminate all of the air 
from the experimental set-up. There will always be 
some air trapped in the feed-water to the boiler, within 
the slabs themselves during casting, etc. It is seen from 
Fig. 7 that the environment which was considered to 
be free of noncondensables actually could have had 
up to about 0.76% mass fraction of air in it. In the 
other experiments in which air was deliberately intro- 

duced into the chamber, the added amount of air 
overwhelmed this small amount of resident air making 
the amount of air initially present insignificant. 

CONCLUSIONS 

Similar solutions can be obtained to the full boun- 
dary-layer equations which govern the sim- 
ultaneous melting-condensation of a three-com- 
ponent system with a noncondensable gas present 
in the vapor provided interfacial resistance is 
ignored. 
The analytical results of simultaneous melting- 
condensation on vertical walls with air present in 
the steam show that the air affects the wall heat 
transfer rate much more severely for the low 
Prandtl number Wood’s metal melt than it does 
for the high Prandtl number naphthalene melt. 
Interfacial molecular resistance is much more sig- 
nificant in the case of a liquid metal melt layer than 
it is for a large Prandtl number melt. 
The experiments conducted by condensing steam 
with air in it at a total pressure of one atmosphere 
on vertical surfaces of naphthalene slabs show that 
the observed melting rates compare within + 18% 
and -9% of the predicted values. For Wood’s 
metal slabs with the exception of the no added air 
experiment the observed values were within + 15% 
and -7% of the predictions based on no inter- 
facial resistance and those with interfacial resist- 
ance but a = 1.0. The analysis which assumed 
interfacial resistance with a condensation 
coefficient of 0.04 showed that the experimental 
values were consistently higher with the exception 
of the mgm = 0 experiment. 
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5. The very low value observed in the experiment with 

Wood’s metal in which rn_ = 0 is attributed to 

the experimental difficulty in completely elim- 

inating the noncondensable air from the system. 
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ETUDE ANALYTIQUE ET EXPERIMENTALE DE FUSION ET 
CONDENSATION SIMULTANEES SUR UNE PAR01 VERTICALE 

EN PRESENCE DUN GAZ INCONDENSABLE 

R&sum-n Btudie analytiquement et experimentalement la fusion et la condensation simultanees sur une 

paroi verticale avec gaz incondensable dans la vapeur. En utilisant des transformations de similitude, les 
equations de couche limite gouvernant le bain non miscible, les couches de condensat et de vapeur-gaz 
sent resolues numeriquement. Des resultats sont obtenus pour le flux thermique de fusion avec ou non une 
resistance interfaciale. Dans l’analyse on considere le nombre de Prandtl du bain faible ou eleve tandis que 
le condensat est suppose &tre un liquide a nombre de Prandtl Cleve. Des experiences sont conduites avec 
de la vapeur d’eau, contenant de Pair, qui se condense sur des surfaces verticales de naphtalene et sur des 
plaques de metal de Wood. Les resultats expirimentaux se comparent bien avec les previsions faites dans 

le cas sans resistance interfaciale et du grand coefficient de condensation. 

ANALYTISCHE UND EXPERIMENTELLE UNTERSUCHUNG VON GLEICHZEITIGEM 
SCHMELZEN UND KONDENSIEREN AN EINER SENKRECHTEN WAND IN ANWESENHEIT 

VON NICHTKONDENSIERENDEM GAS 

Zusammenfassung-Gleichzeitiges Schmelzen und Kondensieren an einer senkechten Wand mit nicht- 
kondensierbarem Gas im Dampf wird analytisch und experimentell untersucht. Mit Ahnlich- 
keitstransformationen werden die vollstlndigen Grenzschichtgleichungen, die die nichtmischbare 
Schmelze, das Kondensat und die Dampf-Gas-Schichten beschreiben, numerisch geldst. Ergebnisse fur die 
Warmeiibertragung beim Schmelzen mit oder ohne nichtkondensierbare Gase und mit Grenzfll- 
chenwiderstand w&den ermittelt. In der Untersuchung werden Schmelzen mit niedrigen und hohen 
Prandtl-Zahlen betrachtet. wahrend das Kondensat als Fluid mit hoher Prandtl-Zahl angenommen wird. 
Experimente werden mit’ lufthaltigem Dampf, . welcher an senkrechten Naphthalin-Gberflachen und 
Woods-Metallplatten kondensiert, durchgefiihrt. Die Ergebnisse stimmen gut mit den Berechnungen 

ohne Grenzfllchenwiderstand und hohen Wirmeiibergangskoeffizienten bei der Kondensation iiberein. 

AHAJIMTMYECKOE M 3KClTEPMMEHTAJIbHOE M3YYEHAE IIPOTEKAIOIIIMX 
OAHOBPEMEHHO HPOHECCOB ILJIABJIEHMII M KOHAEHCALIHH HA 
BEPTWKAJIbHOR CTEHKE B IIPMCYTCTBMR HECXWMAEMOI-0 1-A3A 

AHHoTnsna-AHansTsrecK~ u 3KcnepaMeHTanbHo accnenywrcr 0nHoBpebieHHbte npoueccbt nnaBneHnK 

II KoH~eHcaumi Ha BepTriKanbHoi? cTeHKe npu uanmnin cr84ecIi HecmuMaeMbtE ras-nap. Mcnonbsya 
npeo6pa3oBamin nono6nn, WCneHHo pemeHa CBCTeMa ypaBHeHati norpaHWmor0 cnoa &all HeCbIenm- 

Baromrrxcfl cnoea pacnnaea, KoHnencaTa H naporasosoii cMecn. fIony9enbr pe3ynbraTbt nnn mrrencria- 
uocrn rennonepeuoca npe nnasnemiw xax a npacyrcrene, Tart n B orcyrcreae rfeKonnencupyromexca 
ra3oB w conpoTeaneHrin Ha Men+asHoii rpaaeue. PaccMaTpriBaroTcr pacnnaebr c Manbrwi wicnaMri 

~pat,~TJta, B TO BpeMs KaK KOH/IeHCaT aBJ,aeTCa XGU,KOCTbH) C 6OJIbmnM WICJIOM npaHnTJu3. ffpOBe- 

LZeHbl 3KCnepnMeHTbI n0 KOHneHCaulin CMeCH nap-BO3nyX Ha BepTHKaJtbHbIX nOBepXHOCTaX Ha@TaJtAHO- 

BbtX CnWTKax u C,Ik,TKaX 113 C”JtaBa Byna. HaiineHo XOpOmee COOTBeTCTBWe 3KC”epHMeHTaJtbHbtX na”HbIX 

A pe3ynBTaToB, “OJty’teHHblx a OTCyTCTBne Mexctjra3Horo conpoTeBneHriir A B npe,tmono~etimi BUCOKHX 


