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Abstract--The classic Nusselt model is generalized for the condensation process of a multicompo- 
nent vapor mixture. The condensed vapors may be miscible in their liquid state or contain non- 
condensable gases. 

The reduction in the condensation rate owing to the accumulation of a noncondensable gas or 
the more volatile components near the condensate interface is demonstrated for three component 
systems of methanol-water-air and acetone-methanol-water. Also the effects of interracial suction 
and forced convection are included. 

The analytical solution incorporates Diffusion Law for a multicomponent system and both 
exact and approximate integral method solutions are applied. The accuracy of the integral method 
turns out to be remarkably good. 

1. I N T R O D U C T I O N  

This work is concerned with the condensation process of a multicomponent vapor mixture 
on a cooled vertical plate of constant temperature. The vapors which condense in a form 
of a laminar gravity flow are considered completely miscible in their liquid state. However, 
the inclusion of noncondensable gases is also possible. 

A considerable amount of work has been devoted to develop analytical means for pre- 
dicting condensation rate of a single component in the presence of noncondensable gas, 
Sparrow & Lin (1964); M inkowycz & Sparrow (1967); Rose (1969); Taitel & Tamir (1969, 
1971). Condensation of a binary condensable mixture has also been treated by Colburn & 

Drew (1937); Sparrow & Marshall (1969) and recently by Denny & South (1972) and 
Denny & Jusionis (1972). However, it seems that previous efforts were mainly restricted 
to the treatment of binary mixtures. In this article, we extend the analysis and generalize 
it to a unified treatment of any number of components whether condensable or contain 

noncondensable gases. 

2. A N A L Y S I S  

2.1 Formulation 

The physical model  and coordinate system are shown in figure 1. A stagnant multi- 
component  mixture at temperature T~ and mass concentration w~o~, i = 1 . . .  n, is con- 
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Figure I. Physical model and coordinate system. 

densed on a vertical wall which is maintained at a constant temperature Tw. Condensation 
occurs in the form of a thin laminar film of the condensate mixture flowing by gravity 
downwards. External to the liquid film, boundary layers of velocity, temperature and 
concentrations are formed. The velocity profile in the gas phase is caused by the interfacial 
shear at the moving liquid film and by gravity induced flow due to density variations in the 
vapor boundary layer. 

The transport phenomena in the vapor boundary layer are controlled by the conserva- 
tion equations of mass, momentum, energy and the conservation of each chemical species. 
In this analysis we assume that the properties are constant. Nevertheless, property varia- 
tion is partially accounted for by calculating them in an appropriate average reference 
state. Hence, the following equations control the conservation of mass and momentum: 

au av 
+ = = o, [ i ]  a~ oy 

U~x + V~yy = g 1 -  + ray ~ ,  [2] 

where x, y are the cartesian coordinates and u, v are their respective velocity components. 
g is the acceleration of gravity, p is the density and v is the kinematic viscosity. The sub- 
script oo refers to bulk conditions. Since the sensible heat is relatively unimportant in 
condensation problems (Sparrow & Marschall 1969) the energy equation is discarded. 
The term g(1 - -  p~/p) in [2] is the buoyancy force. As customary in free convection problems, 
the density in this term is not constant although in general, properties are considered 
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constant. The ratio Po~/P for small temperature differences (T/Too ~- 1) and ideal gas 
behaviour is given by: 

~ wJMj 
Po~_Moo__ = j=l , [3] 
p M 

w j m / M j  
j = l  

where M is the molecular weight and % is the mass fraction of componentj .  
The conservation of each chemical species in the boundary layer is described by the 

diffusion equation. We use here multicomponent diffusion law given, for example, by 
Bird et al. (1960, p. 569). However it is convenient to cast this equation of transfer in terms 
of the mass concentration. In this case we obtain 

mi = p ~ DijVw i + pvwi, [4] 
j = l  

where mi and wi are the mass flux and the mass fraction of component i. v is the velocity 
vector and the coefficient D o is given by: 

~= MKw x MrM' ~ M [5] Di~ = MiDiff 1Dirwr, 
=1 K= 

D~ is the multicomponent diffusion coefficient that can be evaluated using Hirschfelder 
et al. (1964, p. 541). For a ternary mixture a simple equation is available in Bird et al. 
(1960, p. 570). 

Using [4], the boundary layer diffusion equation takes the form 

~W i (~W i ~-~ t~2Wj 
- -  - -  2 . ,  D i ~  i = 1 . . . n .  [6] 

U ~ -  x + V C~y j = l  c~Y 2 

Again, we assume constant properties, namely, p and Dij are considered constant 
provided their value is evaluated at a suitable reference state. In spite of the fact that the 
coefficient D~i is concentration dependent, it has been shown by Taitel & Tamir (1974) 
that the use of constant coefficient evaluated at the reference state is quite accurate. 

Equations [1], [2] and [6] admit a similarity transformation as follows: 
The independent variable ~? is defined as 

rl = cy/x 1/4. 

The dependent variables are: 

f(t/) - - -  

c = (g/4vZ) 1/4. [7] 

4vcx3/4 [8] 

where $ is the usual stream function such that 

U = 4VC2X1/2f ', 

v = vcx- 1/a(cyx- 1lay, _ 3f) 

[9] 

rlo3 
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and (~i(~l) - -  Wi - -  Wi°°  

Wio - -  Wicx~ 

Using these transformations and eliminating component 

[1]. [2] and [6] are reduced into: 
n 

f ' "  + 3 f f "  - 2f '2 + Z F~bj = 0, 
j = l  
j g :p  

p by using 

[11] 

W k = 1, 
k = l  

[12] 

~ D 0 - D i j  ~,, 
3fgP'i + ~i j  j = 0 i 4: p [13] 

j = l  
j ¢ p  

1 l j l  Wjo - wjoo _ Wjo - wjo~ 
~ ~ j  [14] / n where Fj = ~,]p ~r 2 w r y / M r  Wio - wi~ 

K = I  

The boundary conditions for the solution of [12] and [13] are rather complex at the 

l iquid-vapor interface. The only simple determination is q~i(0) = 1. However, note that Wio 

is yet unknown• Detailed look upon the interface matching conditions will be given later• 
The boundary conditions at the bulk of the vapor are given as follows: 

f ' ( ~ )  = O; q~,(~) = O. [15] 

The zero value of f ' ( - £ )  states that the velocity in the x-direction is zero (see [9]). It is 

possible however to get a solution for a non-zero velocity at infinity, but in order to have 

similarity solution it must be proportional to x 1/z. 

The liquid condensate is treated no differently than the old classic Nusselt model. The 
continuity, momentum and energy equations, in their commonly used simplified form 
read : 

~U OV ~2U 02T 
~-~ + ~yy = O, PLg "-~ I ' ~ L ~ y 2  = O, - -  0 [16] 0);2 

and the boundary conditions are: 

u = 0 ;  v = 0 ;  T = T w  a t y = 0  
[17] 

Ou/dy = 0; T = T O at y = 6L(X) 

where again, fluid properties are to be taken at an appropriate reference state• The tempera- 
ture at the interface y = 6L, is constant and equal to T o. This is consistent with the solution 
in the vapor region which yields a similarity transformation for a constant interfacial 
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temperature. The solution of [16] is well documented and we present only the relevant 
results. 

• = FCPL(To- w)13,'lgx31 
L J 14v2£1 ' 

, o X  

[18] 

[193 

1FCPL(T°--~- Tw)] ';2. 
f o  = _ [ 2 3 ]  

(c) Conservation of the flux of the individual chemical components. The flux of any species 
is given by [4]. The ratio between rhi and the total flux rh = pv must be equal to the liquid 
mass fraction of this component. Thus, using [4] and [10], we obtain 

Wi = Wio 4- l"~--~ooo(Wio - Wioo) L Dip -- Du ffUdP) i ¢ p. [24] 
j = l  V 
j ¢P  

* In this case our similarity variable, ~/, would take the form r l = c(y - 6L)/x 1/4. With the aid of [20] we would 
obtain exactly [12] and [13]. Also one may observe that in our simplified approach we calculated convective 
flow towards interface by the term -~h = - p v  whereas when the thickness 6£ is taken into account one should 
use - r h  = p(u dSL/dx - v). However both terms are the same in terms of the similarity variables and equals 
-rh = 3#cx- l/4f (o). 

(b) 
when 

(~L F C p L ( T o -  z w ! l l / 4 l g x 3 1 - 1 / 4  [20]  

x L - ~  ] ~4v~] 
Here Cp is the specific heat at constant pressure, 2 is the latent heat and Pr is the prandtl 

number. The subscript L refers to the condensed liquid, o to the interface and w to the 
plate surface. 

The boundary conditions of the vapor boundary layer are now matched with the solution 
of the condensate film at y = 6Z. For simplicity, and in order to be consistent with our 
approximate integral method solution, we identify y = 6L for the liquid region with 
y = o for the vapor region. The solution and results are however, completely identical 
had we taken the liquid interface at y = 6L instead of y = o.* 

We consider now the matching conditions at the interface. 

(a) Total massflux. The total mass flux towards the interface (flux towards the interface 
is negative), using [10], is: 

- rh = - pv = 3#cx- x/4fo. [21] 

When this is matched with [18] one gets: 

fo = 31 p# ] L- - ~  [223 

Tangential velocity. Equating [9] and [19] yields continuity of the tangential velocity 
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Note that the concentration of each component in the liquid film is uniform. Thus there 
is no question of diffusion within the liquid film. 

(d) Equilibrium conditions. We assume that equilibrium conditions exist at the interface. 
Thus if we designate by X~ the mole fraction of component i in the liquid and by Y~ the 
mole fraction of component i in the vapor, the following equation holds: 

YiP 
X~ - - -  [25] 

7iP°(T) 

where ~ ( T )  is the vapor pressure of the pure chemical component and 7~ is the activity 
coefficient of component i in the liquid. For ideal mixtures 71 = 1 but usually, 7~ is a func- 
tion of the mole fraction of all components. Sometimes pressure and temperature depend- 
ence can also be accounted for. In our approach we did not make any distinction between 
condensable vapor and noncondensable gas (or gases). Indeed if one wishes to consider 
noncondensable gas, all that is needed is to equate its activity coefficient to infinity. Equa- 
tion [25] when satisfied, will result in a zero mole fraction X~ (or mass fraction ~)  in the 
liquid film. The left hand side of [24] will be zero, and thus the usual condition for the 
impermeability of the noncondensable gas is automatically achieved. 

As previously mentioned we need to consider properties in their reference condition. 
In this we followed Sparrow's (1969) suggestion as follows: The liquid reference tempera- 
ture was taken at 

T* = Tw + ~(To - Tw). [26] 

All liquid properties were calculated at this temperature except for the latent heat of 
evaporation which was calculated at the actual interface temperature (concentration is 
constant in the liquid film). 

The vapor reference temperature and concentration were taken as 

T* = ~(To-~- Tc~), w~ = l(wio ~- wioo). [27] 

2.2 Method of solution 

A general computer program was written which can handle any number of desired 
chemical components. The solution is carried along the following steps: 
(a) A first guess of the interfacial temperature To and the concentration wio of the (n - 2) 

out of the n chemical components is inserted (total pressure is given). 
(b) Using equilibrium conditions, one can calculate all values of mass fraction at the 

interface, wio, and liquid, wio. Equation [25] provides n equations for the n + 2 un- 
knowns Xi's and two unknown Y~'s. Additionally two equations are provided by 

X~ = ~ Yi = 1. Thus by solving (n + 2) linear equations all concentrations are 
calculated. This calculation, however, is accompanied with successive iterations. 
Firstly because the activity coefficients ~'s are mole fraction dependent, and secondly 
because we assume the (n - 2) wi's to be known, rather than the Y~'s. 
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(c) Once T o, wio, ~i are known (in addition to P, Tw, T~ and w~® which are apriori fixed) 
all properties are calculated in their suitable reference temperature and concentration. 

' 1 Also the values Fj I12, 14], qJ~j [13, 14], fo [22] andfo [23] are calcu ated. 
(d) Next the n simultaneous ordinary differential equations [12] and [13] are solved 

numerically by the method of Runge-Kutta.  To this effect, initial conditions for 
fo, f'o and th~o = 1 are known. Unfortunately rather than the initial values of fo  and 
~b~o, the values of f ' =  0 and q~ = 0 at r /=  ~ (practically large .q) are given. Thus, the 
values of fo and q~'~o are initially guessed. Very fast convergence is achieved by the use 
of Newton-Raphson iteration technique (Perry 1963) when considering the functions 

f -  = F l ( f " ,  c~io) 

(Pio~ = F2i( f  o, ck'io) 
[28] 

which should approach zero. The partial derivatives needed in this technique were 
calculated numerically. 

(e) The values of the (n - 1)~i (~p is excluded) are now calculated by [24]. These values 
should be equal to those obtained from equilibrium conditions in step (a). Again we 
use Newton-Raphson technique in order to force fast convergence. (n - 1) functions 
are considered 

zi = zi(To, Wio) = ~i(step a) - ~i(step e) i ~ p. [29] 

These functions depend on our (n - 1) initial guesses, To and W~o. Once z, is zero, To 
and W~o are the sought final result. 

2.3 Heat  transfer 

The main aim of our calculations is to estimate the heat transfer to the wall or equi- 
valently, the condensation rate. Results are presented in a form of heat transfer efficiency, 
q/qo, which is the ratio between the local heat flux to the wall q, and qo. qo is a reference 
heat flux calculated for W~o = w ~  and To = T®, namely when condensation occurs at bulk 
conditions. 

This efficiency is given by 
,, ,1 ,2[-CpL(To- Tw)-]3/4 

q AtPLIIL}" L -ffp~ J [3o] 
qo 2(pL/gL)I/2 

T o = T ~ , w i ,  = w i ~  

where the properties of the denominator are calculated for To = T~ and W,o = w ~ .  

2.4 The integral method 

In addition to the exact solution which is relatively complicated and time consuming, 
the approximate integral method is also applied. In this method we assume polynomial 
profiles for the velocity and concentrations and thereby reduce the set of partial differential 

J.M.F.. Vo|. 1, No. 5 - -G  
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equations into a set of ordinary differential equations. These equations are solved 
analytically and transform the differential equations into a set of algebraic equations. 
Although the use of a digital computer is also essential here, the solution is simpler and 
much less time consuming than the exact solution. 

The momentum and diffusion integral equations are obtained by integrating [1], [2] 
and [6] which yields: 

d f f (  Ou) ~ ( 1  1 ) f f  . . . . .  v - -  - gO (wj - wj~)dy dx u z uoou ) dy Vo(U o u~) = 6qY o j= ~ )Vlj 3~ 
J ~ P  [31] 

dx u wi-wi ,dy-vo,w,o-wi ,= _ ,oip-oij, )o E32  
j = l  
j~ :p  

where 6 is the velocity boundary layer thickness, 6i is the concentration boundary layer 
thickness and 

= 
1 1 ) w  1 

~ ~j Mp J~ + -  j =  1 Mp 
j ~ : p  

In [31] the term for the buoyancy force [3] is already explicitly inserted and also component 
p is eliminated from the calculations. 

The velocity profile is assumed to have the form 

u = u ~  + ( U o - U ~ )  1 -  + ( ~ - u ~ )  1 -  [34] 

and for the concentration profile we assume 

wi = wi~ + (wlo - w J  1 - . [35] 

Note that [31] and [34] do contain the possibility that the bulk of vapor is not stagnant 
but may have a velocity u~ = u~(x). 

Upon inserting [34] and [35] into [31] and [32] we obtain the following momentum and 
diffusion equations: 

d {6[~u~(Uo - u~)  + ~ u ~ C ,  - u~)  + ~ U o  - u ~ ) ( a  - uo~) + ~-~ C, - uo~) ~ 

r 
+ }(Uo - u~)2]} - Vo(Uo - u~) + ~ [a - 2Uo + u~] 

[36] 
{=~1( 1 ~ ) ( 1  1 ) ,)  +gO6 1 + 3 ~  M ( % 0 - w j ~  = 0  

j = j P 
j ~ p  
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d {~(wio w i ~ ) [ u ~ i  + (uo u~)(~i i 2 - -  - - - ~ i  + A~,~) + (a _ .~o)(¼~ _1~i~  + ~ i l  , ) ]}  
dx 

-Vo(Wio - wi~) = l ~ ( D i p  - -  D i j ) ( W j o  - wjoo) • [37] 

J~p 

The solution of [36] and [37] is subjected to the matching of the total mass flux [18], 
tangential velocity [19], equilibrium at the liquid-vapor interface [25] and the flux of 
every chemical component which, by taking into account that Jh Jth = ~i, yields 

(Wlo - ff~io)(Vo + v~) + ~. (Dij - Dip) c'~wJ\ = 0 i = 1 . . .  n. [38] 
j:/: p 

Note that [38] contains the possibility of interfacial suction which is represented by the 
suction velocity v~(x). 

This set of equations has a solution when: 

t~ = A[  v211/4 x 1/4 [39] 
/4g/ 

~t = B g l / 2 x l / 2  [40] 

u~ = Qgl /2x l /2  [41] 

v~ = K x -  1/4 [42] 

and if To, Wio and ~i are constant. Q and K are constant parameters which characterize 
the bulk velocity and suction velocity respectively. Inserting [39] and [42] into the momen- 
tum equation [36], and using the values for Vo and uo from [18] and [19] yields 

35Q(S 1/2 - Q) + ~-Q(B  - Q) + 7(S '/2 - Q)(B - Q) + (B - Q)2 

168 +21(SX/2 _ Q)2 + $ 3 / 4 G 1 / 2 ( $ 1 / 2  - Q)  + - ~ - ( B  - 2S 1/2 + Q) 

+840 1 + ( W ~ o - W ~ )  = O = F  [43] 
j= 3 j 
j--/: p 

where S = CpL(To -- Tw) G = #LP-----b-L 
2Pr  L lap 

Equation [37] takes the form 

¢iA2Q + A2(S1/2 _ Q)(¢~ _ i 2 ~¢~ + ~ 3 )  + A2(B Q)(¼~2 _ ~ 3 - ~ ,  + ~ )  

+4AS3/4Gi/2 = ~j v Wio 
- 16 ~'l 1 Dip D i j  Wjo wjo  o 

= 0 = Gi [44]  
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and [38] 

4 " 1 Dij - ] 
(Wio - ~'/o)(L - 1 ) -  - S - 3 / 4 G - ~ / 2 [  2 Dip(Wjo - wj~) = 0 [45] 

A L J= 1 e j  l' 
j~p  

where f~ is the ratio between the suction rate and the total vapor flux reaching the interface 
and is given by 

fs = K S -  3/4G - 1 / 2 ( g v 2 / 4 )  - 1/4. [46] 

Equations [43]-[45] and the equilibrium conditions [25] consist of a set of algebraic 
equations for the unknown parameters A, B, S (or To), ~ ,  Wio, ~v~ (i ~ p). Since the number 
of unknowns is larger than the number of equations we must further assume that one 
of the concentration boundary layer thickness equals the velocity boundary layer thickness, 
namely •m ~--- 6 o r  ~m = 1. 

One expects that the component which tends to diffuse most easily has the largest 
boundary layer thickness. This choice is made by considering the numerical values of the 
binary diffusivities D~. We choose the component which appears with the highest diffusion 
coefficients and designate it as component m. 

With the aid of the equilibrium routine (described in "step b" of the exact solution) 
and after eliminating some of the unknowns by direct substitutions, one ends up with 
( n -  1) non linear algebraic equation and ( n -  1) unknowns. The unknown variables 
are chosen as T O and (n - 2) WofS. The algebraic equations are [43] and [44] which represent 
(n - 2) equations ([44] is not used here for i = p and i = m). The variable A and ~i are 
eliminated from [43] and [44] by the solution of the set of linear equations [45] for the 1/~ 
and A in terms of the variables which depends only on the unknown variables To and Wio'S. 
Equation [44] for the case of i = m, namely ~ = 1, is used to eliminate the variable B 
from [43]. Thus, the solution procedure starts similar to the exact solution, with a first 
guess of To and (n - 2)Wio'S as in step (a) of the exact solution. We follow then step (b) and 
(c) like in the exact solution. After that, the function F (equation [43]) and G~ (equation [44] 
for i 4: p, i ~ m) are calculated. The Newton-Raphson iteration technique is used to force 
F and G~ to approach zero. Although this solution may seem somewhat cumbersome it 
is handled very easily by a computer and results are obtained using much less computer 
time as compared with the exact solution. 

3. R E S U L T S  A N D  D I S C U S S I O N  

Results are reported for two ternary systems. The first system consists Of two condensable 
vapors, methanol and water in the presence of a noncondensable gas-air. The second 
system consists of three condensable vapors, acetone, methanol and water. 

All results are at total pressure of 760 mmHg. Bulk conditions were assumed to be at 
the saturation state corresponding to the ambient temperature T~ and a prescribed mass 
fraction of one component. The concentrations of the two other components are deter- 
mined from equilibrium conditions as consistent with the phase rule. 
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Figure 2. Heat transfer efficiency, methanol-water. 

WATER 

The references Hala et al. (1968, 1958); McAdams (1954); Perry (1963); Reid & Sherwood 
(1966) and VDI Warmeatals (1953) were consulted for the selection of pr.operties. The 
properties of the individual components and of the mixtures were correlated by algebraic 
equations whereby temperature and concentration dependence were adequately repre- 
sented in the range of interest. These properties were then determined in their proper 
reference temperature and concentration as outlined in the preceding sections. 

The first system can be interpreted as a study of the effect of a noncondensable gas on 
the condensation of a binary condensable mixture. Figure 2 represents, firstly, the results 
of q/qo for the binary mixture of methanol-water. The results for this binary mixture were 
reported in the past by Sparrow & Marshall (1969), although for somewhat different 
operating conditions and in a different form. We did repeat these calculations and received 
results which do not differ from Sparrow's results by more than 5 per cent. This discrepancy 
is attributed to the uncertainty in the selection of the physical properties and the method 
used in their correlation. 

In figure 2 the ratio q/qo is plotted as a function of the bulk temperature, T~, where 
the temperature difference driving force, (T~ - Tw), is the parameter. As can be seen the 
ratio q/qo is unity for pure methanol (T~ = 64.7°C) and pure water (T~ = 100°C). In the 
region between the boiling temperatures of both liquids the condensation efficiency, as 
measured by the ratio q/qo, drops considerably. This phenomenon can be explained as 
follows: When the mixture is carried towards the cold wall and condenses, the rate of 
condensation of the less volatile liquids is higher than that of the volatile ones. Therefore 
the volatile components accumulate near the liquid-vapor interface in a manner similar 
to the accumulation of a noncondensable gas. Thus, at the interface the concentration 
of the volatile liquid increases and therefore the equilibrium temperature at the interface, 
To, decreases, thereby causing a reduction in heat transfer and condensation rate. One may 
also observe that this reduction is appreciable when the temperature difference (To~ - Tw) 
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Figure 3. Heat transfer efficiency, methanol water-air (0.1%). 

is small. This is somewhat contrary to the case of one component in the presence of a 
noncondensable gas in which case (at least for water-air mixture) the effect of the non- 
condensable gas is generally higher at larger temperature differences. 

The effect of the noncondensable air with bulk concentration of 0.001, 0.01 and 0.1 is 
given in figures 3-5 respectively. The bulk temperature in these figures ranges from equi- 
librium conditions of pure methanol with the prescribed amount of air, to the equilibrium 
condition of water with the same amount of air. As expected, there is a considerable reduc- 
tion in the condensation rate for increasing concentration of the noncondensable gas in 
the bulk atmosphere. This effect is larger at higher temperature differences and for the 
case where one of the components, water or methanol, is in low concentration. In other 
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Figure 4. Heat transfer efficiency, methanol-water-air (1%). 
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Figure 5. Heat transfer efficiency, methanol-water-air (10 %). 

words, the presence of the noncondensable gas, affects a single component (or a mixture 
with a high concentration of a single component) more than a mixture where the concentra- 
tion of neither volatile component is nearly pure. One may also observe that unlike the 
case of a binary mixture (figure 2) where q/qo always increases for increasing, (Too - Tw), 
the existence of air causes the reverse effect in a nearly pure water/air and methanol/air 
mixture. 

One may notice that the curves of figures 3-5 are not complete, namely, they do not 
contain the information for q/qo at the left side of the abscissa where the mixture is rich 
with methanol. Apparently a mathematical solution of our equations in this range does 
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0 I i I 

52.63 70 80 90 Too[°C] 98,02 
ME THANOL WATER 
*20% ACETONE +20% ACETONE 

Figure 6. Heat transfer efficiency, acetone (20 %)-methanol-water. 
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1.0 

~,, EXACT AND 
~ INTEGRAL METHODS 

0,5 ~ ~ ~ ,  80% ACETONE 

o 
55,33 60 70 T~ [°C] 80,15 

ME THA NOL WATER 
*80% ACETONE *80% ACETONE 

Figure 7. Heat transfer efficiency, acetone (80 %)-methanol-water. 

not exist. Furthermore, as commented by Rose (1969), the boundary layer equations are 
invalid for the case where the molecular weight of the noncondensing gas is smaller than 
that of the vapor. This is because the accumulation of the light noncondensable gas causes 
an upward velocity at some distance from the falling liquid interface due to the buoyancy 
forces. Thereby, the condition u = 0 and x = 0 can not be fulfilled and our formulation 

becomes invalid. 
The results for the second example of three condensable mixtures are summarized in 

figures 6 and 7 for bulk conditions of acetone of 20 and 80 per cent mass fraction, respectively. 
The operating conditions range, as before, from 5 to 35 temperature difference driving 
force, whereas the bulk temperature covers the whole range from pure methanol with 
acetone to pure water with acetone. Note that for this system a mathematical solution 
always exists because the more volatile liquids have higher molecular weights and thus 

conditions of rcverse, upward flow cannot occur. 
By comparing the results in figures 6 and 7 with those of figure 2, one can observe that 

introducing a third volatile component, namely, acetone into the methanol-water mixture 
causes a further decrease in the heat transfer efficiency (for a constant ambient temperature 
and driving force) as compared with the binary case. The extent of this reduction is, however, 
much less than the one caused by a noncondensable gas. Thus, for example, 1 per cent air 
is more "effective" in reducing the heat transfer efficiency than 20 per cent acetone. Since 
acetone and methanol do not differ much in their boiling point temperature, the reduction 
in the heat transfer efficiency for acetone-methanol mixture is much less than for acetone 
water mixture. Furthermore, for the case of 80 per cent acetone and 20 per cent methanol 
at bulk condition, a binary mixture is formed at the interface which is nearly an azeotropic 
system. This causes the heat transfer efficiency to be very close to unity. 

It is interesting to compare the results obtained by the exact solution and those obtained 
by the simplified integral method solution. For  the case of a binary mixture of methanol-  
water (figure 2) and a ternary mixture of acetone-methanol-water  (figures 6 and 7), the 
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Figure 8. Improving condensation rate by interfacial suction, methanol-water-air (1%). 

accuracy of the integral method is indeed remarkable. The discrepancy between the two 
methods is so small that it cannot be detected on these figures. Comparison between the 
two methods for the system of metha.nol-water-air (figures 3 and 5) shows that also for 
this system the accuracy of the integral method is satisfactory, in particular at low tempera- 
ture driving forces. This suggests that the formulation of the integral method can be used 
quite safely instead of the exact solution. 

By applying interfacial suction and/or forced convection it is possible to improve the 
condensation rate. We examined this effect for the case of methanol-water mixture with 
1 per cent air. Note, however, that this is done only for the special case where the suction 
velocity, v s, is proportional to x-1/4 and uoo is proportional to x 1t2. Otherwise a similarity 
solution is not possible. Although such special cases may not be the most realistic way of 
applying forced convection and suction it may give us a feel as to the extent of the effect 
involved. 
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Figure 9. Improving condensation rate by forced convection, methanol-water-air (1%). 
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Figure 8 demonstrates the effect of suction for the case of 15 and 35°C temperature 
difference and for different values of the suction parameter K. For constant K the ratio 
between the suction rate and total vapor flux, f~, is not constant. Therefore its value is 
given at the two end points for each curve. As can be seen, even a small amount of suction 
rate as much as 0.5-2 per cent, may cause a considerable amount  of increase in the con- 
densation rate. This effect is accentuated for larger temperature difference driving force. 
Also the effect of suction increases as we move towards a binary mixture of water/air or 
methanol/air. 

The effect of forced convection is demonstrated in figure 9 for the same conditions as 
in the preceding paragraph. The value of the convective velocity is given by the dimension- 
less parameter Q. As can be seen, also forced convection may cause considerable improve- 
ment in condensation rate. 

4. SUMMARY AND CONCLUSION 

In this work we present a model and the mathematical theory which enables us to 
predict the condensation rate for a multicomponent vapor mixture on a vertical plate of 
constant temperature. This theory is based solely on the conservation equations and is 
free of empirical constants. The results are obtained by two different methods: an exact 
similarity solution of the conservation equations and by the approximate integral method. 
The agreement between the two methods is very good. 

When a multicomponent mixture condenses on a cold vertical plate, the temperature 
at the vapor-liquid interface becomes less than the temperature in the bulk. This is caused 
by the accumulation of the more volatile components or noncondensable gases at the inter- 
face, thereby reducing the condensation rate. The reduction in the condensation rate is 
larger when the components are less similar with respect to their boiling point temperature 
depending also on the activity coefficients of the chemical components in the condensate 

liquid. This reduction is accentuated at lower temperature differences between the cooled 
plate and the vapor at the bulk. A noncondensable gas causes a considerable decrease in the 
heat transfer even when it is present at the bulk of the vapor in very small percentage. 
However, its relative effect on the mixture is less than on a single component. Suction and 
forced convection may improve condensation rate although usually not as much as in the 
case of one component with a noncondensable gas. 
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R~sum~--Le module classique de Nusselt est eteu du au proccssus de condensation d'un melange 
de vapeurs ~t plusieurs constituants. Les vapeurs condens6es peuvent soit &re miscibles h l'6tat 
liquide soit contenir des gaz non condensables. 

La r6duction du taux de condensation due it l'accumulation d'un gaz non condensable ou de 
constituants plus volatils pr+s de l'interface de condensation est raise en 6vidence avec des syst~mes 

trois constituants, air-eau-m&hanol et eau-m6thanol-ae~tone. Les effets de l'aspiration ~ travers 
l'interface de condensation et de la convection forcke sont 6galement pris en consid6ration. 

La solution analytique utilise la loi de Fick "g6n+ralis6e" pour les syst6mes It plusieurs con- 
stituants. La r6solution exacte et la r~solution approch~e par la m6thode int6grale sont toutes deux 
mises en oeuvre. La pr6cision de la m6thode int6grale se r6v+le remarquablement bonne. 
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Auzug--Das klassische Nusseltsche Modell wird verallgemeinert, um den Kondensationsprozess 
eines Vielstoff-Dampfgemisches einzuschliessen. Dabei koennen die kondensierenden Daempfe 
entweder im fluessigen Zustand mischbar sein, oder nicht kondensierbare Gase enthalten. Die 
Verringerung der Kondensationsgeschwindigkeit dutch die Ansammlung eines nicht kondensier- 
baren Gases, oder von den fluechtigeren Komponenten, in der Naehe der Kondensatgrenzflaeche 
wird fuer Dreikomponentensysteme--Methanol Wasser-Luft und Azeton-Methanol-Wasser .... 
aufgezeigt. Saugwirkungen in der Grenzflaeche und Effekte erzwungener Konvektion sind ebenfalls 
eingeschlossen. Die analytische Loesung schliesst das "verallgemeinerte" Ficksche Gesetz fuer ein 
Vielkomponentensystem ein, und es werden sowohl exakte wie auch Naeherungsloesungen, die 
auf Integralmethoden beruhen, angewandt. Die Genauigkeit der Integralmethode erweist sich als 
bemerkenswert hoch. 

Pe3~oMe--K~accrt,~ec:<aa TeopHa Hycce.~bTa o6o6meHa ~ a  nporaeccoB Kon,aeHcatmH B 
MHOFOKOMI'IOIteHTHblX CMeC~X napoB. KOH)IeHcHpOBaHHble napx, i MOFyT ~blTb KaK C17OCO~HblMH 
K cMemeHmO B WX >XH~I(HX COCTO~IHH,qX, TaK ri CO~2~p)t(aTb Hecnoco6HbIe K KOH~eHCaUHH ra3bI. 

I-IoHI.DKeHHe cKopOCTH KOH~eHcaILHH I/pOHCXO21HT I10 IIpHqHHe HaKOII.rleHH,q B6.rIH3H IIOBepXHOCTH 

KOHJIeHCaTa HeCHOCO6HOFO K CMemeHHtO ra3a  H~m 6o~ee JIeTyqerO KOMIrlOHeHTa, t/TO I'IOKa3aHo 

,~.ll_,q TpeXKOMHOHeHTHbIX CHCTeM: MeTH2IOBOFO ClaHpTa--BO~II, I --ao3ayxa H aLIeTOHa--MeTH.IIOBOFO 

ClIHpTa--BOjlbI. ~¢'tlTeHO TaK~e BJIiI~/HHe I]oBepXHOCTHOFO I1OI'JXOII~eHH~I kl IIpHHy]IHTeYIbHO.q 

KOHB~KI~HH. 

AHaYIHTHtleCKOe pemeHrle BK.rlIOqaeT "'O~O61LIeHHbI~'" 3aKOH qbHKa ~JI~l MHOFOKOMIIOHeHTHO~ 

CHCTeMbl, IIpHYIOX<eHbI KaK TOt/HOe, TaK H IIpH{5.rlI,DKeHHOe I4aTeFpa.rlbHOe peliIeHH~l. TOqHOCTb 

HHTeFpa.rlbHOFO MeTO~a rlpe~CTaBJI~leTC~I 3HaqHTe.rIbHO JlyqILlefi. 


