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CONTINUOUS RECTIFICATION. BINARY SYSTEMS 
 

Continuous rectification, or fractionation, is a multistage 
countercurrent distillation operation. For a binary solution, with 
certain exceptions it is ordinarily possible by this method to separate 
the solution into its components, recovering each in any state of 
purity desired. 

Rectification is probably the most frequently used separation 
method we have, although it is relatively new. While simple 
distillation was known in the first century, and perhaps earlier, it was 
not until about 1830 that Aeneas Coffey of Dublin invented the 
multistage, countercurrent rectifier for distilling ethanol from 
fermented grain mash [56]. This still was fitted with trays and down-
spouts, and produced a distillate containing up to 95 percent ethanol, 
the azeotrope composition. We cannot do better today except by 
special techniques. 
 
The Fractionation Operation 
 

In order to understand how such an operation is carried out, 
recall the discussion of reboiled absorbers in Chap. 8 and Fig. 8.28. 
There, because the liquid leaving the bottom of an absorber is at 
best in equiIibrium with the feed and may therefore contain 
substantial concentrations of volathe component, trays installed 
below the feed point were provided with vapor generated by a 
reboiler to strip out the volathe component from the Iiquid. This 
component then entered the vapor and left the tower at the top. The 
upper section of the tower served to wash the gas free of less 
volathe component, which entered the liquid to teave at the bottom. 

So, too, with distillation. Refer to Fig. 9.17. Here the feed is 
introduced more or less centrally into a verticat cascade of stages. 
Vapor rising in the section above the feed (called the absorption, 
enriching, or rectifying  section) is washed with liquid to remove or 
absorb the tess volathe component. Since no extraneous material is 
added, as in the case of absorption, the washing liquid in this case is 
provided by condensing the vapor issuing from the top, which is rich 
in more volathe component. The liquid returned to the top of the 
tower is called reflux, and the material permanently removed is the 
distillate, which may be a vapor or a liquid, rich in more volathe 
component. In the section below the feed (stripping or exhausting 
section), the liquid is stripped of volathe component by vapor 
produced at the bottom by partiaI vaporization of the bottom liquid in 
the reboiler. The liquid removed, rich in less voIathe component, is 
the residue, or bottoms. Inside the tower, the liquids and vapors are 
always at their bubble points and dew points, respectively, so that 
the highest temperatures are at the bottom, the towest at the top.  
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The entire device is called a fractionator. 
The purities obtained for the two withdrawn products will depend 

upon the liquid/gas ratios used and the number of ideal stages 
provided in the two sections of the tower, and the interrelation of 
these must now be established. The cross-sectional area of the 
tower, however, is governed entirely by the quantities of materials 
handled, in accordance with the principles of Chap. 6. 
 
Overall Enthalpy Balances 
 
In Fig. 9.17, the theoretical trays are numbered from the top down, 
and subscripts generally indicate the tray from which a stream 
originates: for example, Ln is tool liquid/time falling from the nth tray. 
A bar over the quantity indicates that it applies to the section of the 
column below the point of introduction of the feed. The distillate  

           Figure 9.17 Material and enthalpy balances of a fractionator. 
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product may be liquid, vapor, or a mixture. The reflux, however, must 
be liquid. The molar ratio of reflux to withdrawn distillate is the reflux 
ratio, sometimes called the external reflux ratio, 
 

which is specified in accordance with principles to be established 
later. T 

Consider the condenser, envelope I (Fig. 9.17). A total material 
balance is 
 

or 
 
For substance A 
 

Equations (9.50) to (9.52) establish the concentrations and quantities 
at the toll of the tower. An enthalpy balance, envelope I, 
provides the heat load of the condenser. The reboiter heat is then 

obtained by complete enthalpy balance about the entire apparatus, 
envelope II, 
 

where QL is the sum of all the heat losses, heat economy is 
frequently obtained by heat exchange between the residue product, 
which issues from the column at its bubble point, and the feed for 
purposes of preheating the feed. Equation (9.55) still applies 
provided that any such exchanger is included inside envelope II. 

Two methods will be used to develop the relationship between 
numbers of trays, liquid/vapor ratios, and product compositions, The 
first of these, the method of Ponchon and Savarit [41, 46, 50] is 
rigorous and can handle alI situations, but it requires detailed 
enthalpy data for its application. The second, the method of McCabe 
and ThieIe [36], a simplification requiring only concentration 
equilibria, is less rigorous yet adequate for many purposes.TT 
 

T The ratio L/G is sometimes called the internal reflux ratio; L/F is also used for 
certain reflux correlations. 

TT The treatment of each method is complete in itself, independent of die 
other. For instructional purposes, they may be considered in either order, or one 
may be omitted entirely. 
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MULTISTAGE (TRAY) TOWERS. THE METHOD OF PONCHON 
AND SAVARIT 
 
The method will first be developed for the case of negligible heat 
losses. 
 
The Enriching Section 
 
Consider the enriching section through tray n, envelope III, Fig. 9.I7. 
Tray n is any tray in this section. Material balances for the section 
are, for total material, 

and for component A, 

 
The left-hand side of Eq. (9.58) represents the difference in rate of 
flow of component A, up - down, or the net flow upward. Since for a 
given distillation the right-hand side is constant, it follows that the 
difference, or net rate of flow of A upward, is constant, independent 
of tray number in this section of the tower, and equal to that 
permanently withdrawn at the top. 

An enthalpy balance, envelope III, with heal loss negligible, is 

Let Q' be the heat removed in the condenser and the permanently 
removed distillate, per mole of distillate. Then 

and 
 
 
The left-hand side of Eq. (9.61) represents the difference in rate of 
flow of heat, up - down, or the net flow upward. Since for a given set 
of circumstances the right-hand side is constant, the difference, or 
net rate of flow upward, is constant, independent of tray number in 
this section of the tower, and equal to that permanently taken out at 
the top with the distillate and at the condenser. 

Elimination of D between Eqs. (9.56) and (9.57) and between 
Eqs. (9.56) and (9.6t) yields 
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Figure 9.18 is drawn for a totaI condenser. The distillate D and reflux 
L0 then have identical coordinates and are plotted at point D. The 
location showu indicates that they are beIow the bubble point. If they 
were at the bubble point, D would be on the saturated-liquid curve. 
The saturated vapor G1 from the top tray, when totally condensed, 
has the same composition as D and L0.  Liquid L1 leaving ideal tray 1 
is in equilibrium with G1 and is located at the end of tie line 1. Since 
Eq. (9.62) applies to all trays in this section, G2 can be located on the 
saturated-vapor curve by a line drawn from L1 to ∆D; tie line 2 
through G2 locates L2, etc. Thus, alternate tie lines (each 
representing the effluents from an ideal tray) and construction lines 
through ∆D provide the stepwise changes in concentration occurring 
in the enriching section. Intersections of the lines radiating from ∆D 
with the saturated-enthalpy curves, such as points G3 and L2, when 
projected to the lower diagram, produce points such as P. These in 
turn produce the operating curve CP, which passes through y =x = 
zD). The tie lines, when projected downward, produce the 
equilibrium-distribution curve, and the stepwise nature of the 
concentration changes with tray number then becomes obvious. The 
difference point ∆D is used in this manner for all trays in the enriching 
section, working downward until the feed tray is reached. 

Enriching trays can thus be located on the Hxy diagram alone 
by alternating construction lines to ∆D and tie lines, each tie line 
representing an ideal tray. As an alternative, random lines radiating 
from ∆D can be drawn, their intersections with the HGy and HLx 
curves plotted on the xy diagram to produce the operating curve, and 
the trays determined by the step construction typical of such 
diagrams. 
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           Figure 9.18 Enriching section, total condenser, reflux below the bubble 
point. 

. 
At any tray n (compare Fig. 9.12) the Ln/Gn+1 ratio is given by the 
ratio of line lengths ∆DGn+1/∆DLn on the upper diagram of Fig. 9.18 or 
by the slope of the chord as shown on the lower diagram. Elimination 
of Gn+1 between Eqs. (9.56) and (9.62) provides 

 
Applying this to the top tray provides the external reflux ratio, which 

is usually the one specified: 
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For a given reflux ratio, the line-length ratio of Eq. (9.65) can be used 
to locate ∆D vertically on fig. 9.18, and the ordinate Q' can then be 
used to compute the condenser heat load. 

In some cases a partial condenser is used, as in Fig. 9.19. 
Here a saturated vapor distillate D is withdrawn, and the condensate 
provides the reflux. This is frequently done when the pressure 
required for complete condensation of the vapor G1, at reasonable 
condenser temperatures, woutd be too large. The ∆D is plotted at an 
abscissa yo corresponding to the composition of the withdraw,ln 
distillate. Assuming that an equilibrium condensation is realized, 
reflux L0 is at the end of the tie line C. G1 is located by the 
construction line  L0 ∆D etc. In the lower diagram, the line MN solves 
the equilibrium-condensation problem (compare Fig. 9.14). The 
reflux ratio R = L0 /D = line ∆D G1 /line G1 L0,  by application of Eq. 
(9.65). It is seen that the equilibrium partial condenser provides one 
equilibrium tray's worth of rectification, However, it is safest not to 
rely on such complete enrichment by the condenser but instead to 
provide trays in the tower equivalent to all the stages required. 

 
  
Figure 9.19  Partial condenser. 
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The Stripping Section 
 
Consider the envelope IV, Fig. 9.17, where tray m is any tray in the 
stripping  section. A balance for total material is 
and, for component A, 

The left-hand side of Eq. (9.68) represents the difference in rate of 
flow of component A, down - up, or the net flow downward. Since the 
right-hand side is a constant for a given distillation, the difference is 
independent of tray number in this section of the tower and equal to 
the rate of permanent removal of A out the bottom. An enthalpy 
balance is 

Define Q" as the net flow of heat outward at the bottom, per mole of 
residue 

 
The left-hand side of Eq. (9.71) is the difference in rate of flow of 
heat, down - up, which then equals the constant net rate of heat flow 
out the bottom for alt trays in this section. 

 Elimination of IV between Eqs. (9.66) and (9.67) and between 
Eqs. (9.66) and (9.71) provides 
 

whence 
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Since Eq. (9.72) applies to all trays of the stripping section, 
the line on the Hxy plot of Fig. 9.20 from GNp+1 (vapor leaving the 
reboiler and entering the bottom tray Np of the tower) to ∆W intersects 
the saturated-liquid-enthalpy curve at LNp, the liquid leaving the 
bottom tray. Vapor GNp leaving the bottom tray is in equilibrium with 
liquid LNp and is located on the fie line Np. Tie tines projected to the 
xy diagram produce points on the equilibrium curve, and lines 
through ∆W provide points such as T on the operating curve. 
Substitution of Eq. (9.66) into Eq. (9.72) provides 

The diagrams have been drawn for the type of reboiler shown in Fig. 
9.17, where: the vapor leaving the reboiler is in equilibrium with the 
residue, the reboiler thus providing an equilibrium stage of 
enrichment (tie line B, Fig. 9.20). Other methods of applying heat at 
the bottom of the still are considered tater. 
Stripping-section trays can thus be determined entirely on the Hxy 
diagram by alternating construction lines ∆W to and tie lines, each tie 
line accounting for an equilibrium stage. Alternatively, random lines 
radiating from ∆W can be drawn, their intersections with curves HGy 
and HLx plotted on the xy diagram to produce the operating curve, 
and the stages dctcrmined by the ustial step construction. 
 
The Complete Fractionator 
 
Envelope II of Fig, 9.17 can be used for materiaI balances over the 
entire device 

Equation (9.55) is a complete enthalpy balance. If, in the absence of 
heat losses 
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                                                    Figure 9.20 Stripping section. 
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Figure 9.21 The entire fractionator. Feed below the bubble point and a total 
condenser. 
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The location of F, representing the feed, on Fig. 9.21 shows ttie feed 
in this case to be a liquid below the bubble point. In other situations, 
F may be on the saturated-liquid or vapor curve, between them, or 
above the saturated-vapor curve, tn any event, the two ∆ points and 
F must lie on a single straight line. 

The construction for trays is now clear. After locating F and 
the concentration abscissas zD and xw corresponding to the products 
on the Hxy diagram, ∆D is located vertically on line x = zD by 
computation of Q' or by the line-length ratio of Eq. (9.65) using the 
specified reflux ratio R. The line ∆D F extended to x = xw locales ∆w , 
whose ordinate can be used to compute QB. Random lines such as ∆ 
DJ are drawn from ∆D to locale the enriching-section operating curve 
on the xy diagram, and random lines such as ∆wV are used to locate 
the stripping-section operating curve on the lower diagram. The 
operating curves intersect at M, related to the line ∆DF∆w in the 
manner shown. They intersect the equilibrium curve at a and b, 
corresponding to the tie Iines on the Hxy diagram which, when 
extended, pass through ∆D and ∆w , respectively,.as shown. Steps are 
drawn on the xy diagram between operating curves and equilibrium 
curve, beginning usually at x = y = zD (or at x = y = xw  if desired), 
each step representing an equilibrium stage or tray. A change is 
made from the enriching to the stripping operating curve at the tray 
on which the feed is introduced; in the case shown the feed is to be 
introduced on the tray whose step straddles point M. The step 
construction is then continued to x = y = xw . 

Liquid and vapor flow rates can be computed throughout the 
fractionator from the line-length ratios [Eqs. (9.62), (9.64), (9.72), and 
(9.74)t on the Hxy diagram. 
 
Feed-Tray Location 
 
The material and enthalpy balances from which the operating curves 
are derived dictate that the stepwise construction of Fig. 9.21 must 
change operating lines at the tray where the feed is to be introduced. 
Refer to Fig. 9.22, where the equilibrium and operating curves of Fig. 
9.21 are reproduced, In stepping down from the top of the 
fractionator, it is clear that, as shown in Fig. 9.22a, the enriching 
curve could have been used to a position as close to point a as 
desired. As point a is approached, however, the change in 
composition produced by each tray diminishes, and at a a pinch 
develops. As shown, tray f is the feed tray. Alternatively, the stripping 
operating curve could have been used at the> first opportunity after 
passing point b, to provide the feed tray f of Fig. 9.22b (had the 
construction begun at xw, introduction of feed might have been 
delayed to as near point b as desired, whereupon a pinch would 
develop at b). 
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In the design of a new fractionator, the smallest number of trays 

for the circumstances at hand is desired. This requires that the 
distance between operating and equilibrium curves always be kept 
as large as possible, which will occur if the feed tray is taken as that 
which straddles the operating-curve intersection at M, as in Fig. 9.21. 
The total number of trays for either Fig. 9.22a or b is of necessity 
larger. Delayed or early feed entry, as shown in these figures, 
 

 

 
                                       Figure 9.22 Delayed and early entries. 
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is used only where a separation is being adapted to an existing tower 
equipped with a feed-tray entry nozzle on a particular tray, which 
must then be used. 
Consider again the feed tray of Fig. 9.21. It is understood that if the 
feed is all liquid, it is introduced above the tray in such a maimer that 
it enters the tray along with the liquid from the tray above. 
Conversely, if the feed is all vapor, it is introduced underneath the 
feed tray. Should the feed be mixed liquid and vapor, in principle it 
should be separated outside the column and the liquid portion 
introduced above, the vapor portion below, the feed tray. This is 
rarely done, and the mixed feed is usually introduced into the column 
without prior separation for reasons of economy. This will have only 
a small influence on the number of trays required [6]. 

 
Increased Reflux Ratio 
 
As the reflux ratio R = Lo/D is increased, the ∆D difference point on 
Fig. 9.21 must be located at higher values of Q'. Since ∆D, F, and ∆w  

are always on the same line, increasing the reflux ratio lowers the 
location of ∆w  These changes result in larger values of Ln/Gn+1 and 
smaller values of Lm/Gm+1, and the operating curves on the xy 
diagram move closer to the 45º diagonal, Fewer trays are then 
required, but Qc, Qw, L, L, G, and G all increase; condenser and 
reboiler surfaces and tower cross section must be increased to 
accommodate the larger loads. 
 
Total Reflux 
 
Ultimately, when R =∞ , Ln/Gn+1= Lm/Gm+1 = 1, the operating curves 
both coincide with the 45º line on the xy plot, the ∆ points are at 
infinity on the Hxy plot, and the number of trays required is the 
minimum value, Nm. This is shown in Fig. 9.23. The condition can be 
realized practically by returning all the distillate to the top tray as 
reflux and reboiling all the residue, whereupon the feed to the tower 
must be stopped. 
 
Constant Relative Volatility 
 
A useful analytical expression for the minimum number of theoretical stages can 
be obtained for cases where the relative volatility is reasonably constant [13, 63]. 
Applying Eq. (9.2) to the residue product gives 

 
where αw is the relative volatility at the reboiler, At total reflux the operating line 
coincides with the 45º diagonal so that yw = xNm. Therefore 
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Similarly for the last tray of the column, where αNm  pertains, 

This procedure can be continued up the column until ultimately 

If some average relative volatility α av can be used, 

 

 
                                         Figure 9.23 Total reflux and minimum stages. 

 
which is known as Fenske's equation. The total minimum number of theoretical 
stages to produce products xD and xw is Nm + 1, which then includes the reboiler. 
For small variations in α, αav  can be taken as the geometric average of the values 

for the overhead and bottom products wαα1 . The expression can be used only 

with nearly ideal mixtures, for which a is nearly constant. 
 
 

 

Or 
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Minimum Reflux Ratio 
 
The minimum reflux ratio Rm is the maximum ratio which will require 
an infinite number of trays for the separation desired, and it 
corresponds to the minimum reboiler heat load and condenser 
cooling load for the separation. 

Refer to Fig. 9.24a, where the lightly drawn lines are tie lines 
which have been extended to intersect lines x = zD and x = xw. It is 
clear that if ∆D were located at point K, alternate tie lines and 
construction lines to ∆D at the tie line k would coincide, and an infinite 
number of stages would be required to reach tie line k from the top of 
the tower. The same is true if ∆w  is located at point J. 

 
Figure 9.24 Minimum reflux ratio 
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Since as ∆D is moved upward and ∆w  downward the reflux ratio 
increases, the definition of minimum reflux ratio requires ∆Dm and ∆w m 
for the minimum reflux ratio to be located as shown, with ∆Dm at the 
highest tie-line intersection and ∆w m at the lowest tie-line intersection. 
In this case, it is the tie line which, when extended, passes through 
F, the feed, that determines both, and this is always the case when 
the xy equilibrium distribution curve is everywhere concave 
downward. 

For some positively deviating mixtures with a tendency to form 
an azeo-trope and for all systems near the critical condition of the 
more volathe component [66], an enriching-section tie line m in Fig. 
9.24b gives the highest intersection with x = zD not that which passes 
through F. Similarly, as in Fig. 9.24c for some negatively deviating 
mixtures, a stripping-section tie line p gives the lowest intersection 
with x = xw. These then govern the location of as shown. For the 
minimum reflux ratio, either ∆Dm is located at the highest intersection 
of an enriching-section tie line with x = zD or  ∆w m is at the lowest 
intersection of a stripping-section tie line with x = xw,  consistent with 
the requirements that ∆Dm,  ∆wm, and F all be on the same straight 
line and ∆Dm be at the highest position resulting in a pinch. Special 
considerations are necessary for fractionation with multiple feeds 
and sidestreams [52]. 

Once Qm is determined, the minimum reflux ratio can be 
computed through Eq. (9.65). Some larger reflux ratio must obviously 
be used for practical cases, whereupon ∆D is located above ∆Dm. 
The heat-exchanger arrangements to provide the necessary heat 

and vapor return at the bottom of the fractionator may take several 
forms. Small fractionatots used for pilot-plant work may merely 
require a jacketed kettle, as shown schematically in Fig. 9.29a, but 
the heat-transfer surface and the corresponding vapor capacity will 
necessarily be small. The tubular heat exchanger built into the 
bottom of the tower (Fig. 9.29b) is a variation which provides larger 
surface, but cleaning requires a shut-down of the distiItation 
operation. This type can also be built with an internal floating head. 
Both these provide a vapor entering the bottom tray essentially in 
equilibrium with the residue product, so that the last stage of the 
previous computations represents the enrichment due to the reboiler. 

External reboilers of several varieties are commonly used for 
large installations, and they can be arranged with spares for 
cleaning. The kettle reboiler (Fig. 9.29c), with heating medium inside 
the tubes, provides a vapor to the tower essentially in equilibrium 
with the residue product and then behaves like a theoretical stage. 
The vertical thermosiphon reboiler of Fig. 9.29d, with the  

 

Reboilers 
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                                    Figure  9.29 Reboiler arangements (schematic). 
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heating medium outside the tubes, can be operated so as to 
vaporize all the liquid entering it to produce a vapor of the same 
composition as the residue product, in which case no enrichment is 
provided. However, because of fouling of the tubes, which may occur 
with this type of operation, it is more customary to provide for only 
partial vaporization, the mixture issuing from the reboiler comprising 
both liquid and vapor. The reboiter of Fig. 9.29e receives liquid from 
the trapout of the bottom tray, which it partially vaporizes, horizontal 
reboilers are also known [8]. Piping arrangements [27], a review [37], 
and detailed design methods [14, 49] are available. It is safest not to 
assume that a theoretical stage's worth of fractionation will occur with 
thermosiphon reboilers but instead to provide the necessary stages 
in the tower itself. In Fig. 9.29, the reservoir at the foot of the tower 
customarily holds a 5- to 10-min flow of liquid to provide for 
reasonably steady operation of the reboiler. 

Reboilers may be heated by steam, heat-transfer oil, or other 
hot fluids. For some high-boiling liquids, the reboiler may be a fuel-
fired furnace. 
 
Use of Open Steam 
 
When a water solution in which the nonaqueous component is the 
more volathe is fractionated, so that the water is removed as the 
residue product, the heat required can be provided by admission of 
steam directly to the bottom of the tower. The reboiler is then 
dispensed with. For a given reflux ratio and distillate composition, 
more trays will usually be required in the tower, but they are usually 
cheaper than the replaced reboiler and its cleaning costs. 

Refer to Fig. 9.30. While the enriching section of the tower is 
unaffected by the use of open steam and is not shown, nevertheless 
the overall material and enthalpy balances are influenced. Thus, in 
the absence of important heat loss, 

 
where GNp+1 is the molar rate of introducing steam. On the Hxy 
diagram, the ∆w difference point is located in the usual manner. For 
the stripping section, ∆w has its usual meaning, a fictitious stream of 
size equal to the net flow outward 
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of coordinantes 
 

 

Figure 9.30 Use of open steam. 
 
where HG,Np+1 is the enthalpy of the steam. The point is shown on 
Fig. 9.31 Thus,  
 

 

 
 
 
 

 
 
The construction is shown in Fig. 9.31. Equation (9.92) is the slope 
of a chord (not shown) between points P and T. Here, the steam 
introduced is shown slightly-superheated (HG,Np+1 〉 saturated 
enthalpy); had saturated steam been used ,G Np+1 would be located 
at point M. Note that the operating curve on the x,y diagram passes 
through the 45º diagonal at T (x = x∆w ) and through the point (xw, y = 
0) corresponding to the fluids passing each other at the bottom of the 
tower. 
 

and 
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Illustration 9.9 Open steam, initially saturated at 69 kN/m2 (10 lbf /in

2) 
gauge pressure, will be used for the methanol fractionator of Illustration 
9.8, with the same distillate rate and composition and the same reflux ratio. 
Assuming that the feed enters the tower at the same enthalpy as in 
Illustration 9.8, determine the steam rate, bottoms composition, and the 
number of theoreticaI trays. 
 
SOLUTION From Illustration 9.8. F = 216.8 kmol/h, zF = 0.360, HF = 2533 
kJ/kmol, D= 84.4, zD = 0.915, HD = 3640 and Qc = 5 990 000 kJ/h. From 
the steam tables, the enthalpy of saturated steam at 69 kN/m2 = 2699 
kJ/kg referred to Liquid water at 0ºC. On expanding adiabatically through a 
control valve to the tower pressure, it will be superheated at the same 
enthalpy. The enthalpy of Liquid water at 19.7°C (to for Illustration 9.8) = 
82.7 kl/kg referred to 0ºC. Therefore HG,Np+1= (2699 - 82.7)(18.02) = 47 
146 kJ/kmol. 

 
 

 
Since the bottoms will be essentially pure water, Hw is tentatively estimated 
as the enthalpy of saturated water (Fig. 9.27), 6094 kd/kmol. Solving the 
equations simultaneously with this value for Hw provides the steam rate as 
GNp+1= 159.7 and W=292.1 kmol/h, with xw = 0.00281. The enthalpy of this 
solution at its bubble point is 6048, sufficiently dose to the 6094 assumed 
earher to be acceptable. (Note that had the same interchange of heat 
between bottoms and feed been used as in Illustration 9.8, with bottoms 
discharged at 37.8ºC, the feed enthalpy would have been changed.) For 
∆w, 

 
 

The Hxy and xy diagrams for the enriching section are the same as in 
Illustration 9.8. For the stripping section, they resemble Fig. 9.31. The 
number of theoretical stages Np= 9.5, and they must all be included in the 
tower. 
 

 
 
 
 
 

Eq. (9.86): 
 

Eq. (9.87): 
 
Eq. (9.88): 
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                                        Figure 9.31 Use of open steam. 
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Condensers and Reflux Accumulators 
 
Reflux may flow by gravity to the tower, in which case the condenser 
and reflux drum (accumulator) must be elevated above the level of 
top tray of the tower. Alternatively, especially in order to obviate the 
need for elevated platforms and supports required for withdrawing 
the condenser tube bundle for cleaning, the assemblage may be 
placed at ground level and the reflux liquid pumped up to the top 
tray. Kern [28] describes the arrangements. 

Reflux accumulators are ordinarily horizontal drums, 
length/diameter = 4 to 5, with a liquid holding time of the order of 5 
rain. From entrainment considerations, the allowable vapor velocity 
through the vertical cross section of the space above the liquid can 
be specified as T 
 
 

Multiple Feeds 
 
There are occasions when two or more feeds composed of the same 
substances but of different concentrations require distillation to give 
the same distillate and residue products. A single fractionator wilI 
then suffice for all. 

Consider the two-feed fractionator of Fig.9.32. The 
construction on the Hxy diagram for the sections of the column 
above F1 and below F2 is the same as for a single-feed column, with 
the ∆D and ∆w points Iocated in the usual manner. For the middle 
section between the feeds, the difference point ∆M can be located by 
consideration of material and enthalpy balances either toward the 
top, as indicated by the envelope shown on Fig. 9.32, or toward the 
bottom; the net result will be the same. Consider the envelope shown 
in the figure, with ∆M representing a fictitious stream of quantity equal 
to the net flow upward and out 
 

whose coordinates are 
∆M  may be either a positive or negative quantity. 

 
T V in Eq. (9.93) is expressed as m/s. For V in ft/s, the coefficient is 0.13. 
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                                     Figure 9.32 Fractionator with two feeds. 
 
Equation (9.94) can be used as a basis for component-A and 
enthalpy balances 
 

 
 
 

 
The construction (both feeds liquid) is shown on Fig. 9.33, 

where ∆Μ lies on the line ∆DF1 [Eq. (9.94)] and on the line ∆wF2 [Eq. 
(9.99)].  

 

whence 
 

then 
 

Since 
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                                       Figure 9.33 Construction for two feeds. 
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A solution representing the composited feed, with must lie on the line 
∆D ∆W [Eq. (9.98)]. It is atso possible for ∆M to lie below and to the left 
of ∆W. The operating curve for the middle section on the xy diagram 
is located by lines such as ∆M K, as shown. Trays are best drawn in 
the usual step fashion on the xy diagram, and for optimum location 
the feed trays straddle the intersections of the operating curves, as 
shown. 
 
Side Streams 
 
Side streams are products of intermediate composition withdrawn 
from the intermediate trays of the coIumn. They are used frequently 
in the distillation of petroleum products, where intermediate 
properties not obtainable merely by mixing distillate or bottoms with 
feed are desired. They are used only infrequently in the case of 
binary mixtures, and are not treated here. 
 
Heat Losses 
 
Most fractionators operate above ambient temperature, and heat 
losses along the column are inevitable since insulating materials 
have a finite thermal conductivity. The importance of the heat losses 
and their influence on fractiona-tors will now be considered. 

Consider the fractionator of Fig. 9.17. A heat balance for the 
top n trays of the enriching section (envelope III) which includes the 
heat loss is [9] 

 
where QLn is the heat loss for trays 1 through n. Defining 

 
Q´L is a variable since it depends upon how many trays are included 
in the heat balance. If only the top tray (n = 1) is included, the heat 
loss is small and Q´L is nearly equal to Q´. As more trays are 
included Q´Ln and Q´L increase, ultimately reaching their largest 
values when all enriching-section trays are included. Separate 
difference points are therefore needed for each tray. 

we have 
 

 Letting 
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For the stripping section up to tray m (envelope IV, Fig. 9.17), 

 
If the heat balance includes only the bottom tray, the heat loss is 
small and Q´´L nearly equals Q´´. As more trays are included, QLm 
and therefore Q´´L increase, reaching their largeat values when the 
balance is made over the entire stripping 
 
Multiple Feeds and Sidestreams 
 

The enthalpy-composition approach can also be used to 
handle multiple feeds and sidestreams for binary systems. For the 
condition of constant molar overflow, each additional sidestream or 
feed adds a further operating line and pole point to the system. 

Taking the same system as used on page 342, with one 
sidestream only, the procedure is as follows (Fig. 10.62). 
 

 
FIG. 10.62. Enthalpy-composition diagram for system with one sidestream 
 

The upper pole point N is located as before. The effect of 
removing a sidestream S' from the system is to produce an effective 
feed F', where F' = F- S' and where F'S'/F'F = F/S'. Thus, once S' 
and F have been located in the diagram, the position of F' may also 
be determined. The position of the tower pole point M, which must lie 
on the intersection of x = xw and the straight line drawn through NF', 
can then be found. N relates to the section of the column above the  

results in 
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sidestream and M to that part below the feed plate. A third pole point 
must be determined to handle that part of the column between the 
feed and the sidestream. 

The pole point for the intermediate section must be on the 
limiting operating line for the upper part of the column, i.e. NS'. It 
must also lie on the limiting operating line for the lower part of the 
column, i.e. MF or its extension. Thus the intersection of NS' and MF 
extended gives the position of the intermediate pole point O. 

The number of stages required is determined in the same 
manner as before, using the upper pole point N for that part of the 
column between the sidestream and the top, the intermediate pole 
point O between the feed and the sidestream, and the lower pole 
point  M between the feed and the bottom. 

For the case of muitipIe feeds, the procedure is similar and 
can be followed by reference to Fig. 10.63.  

 
Example 

A mixture containing equal parts by weight of carbon tetrachloride and 
tuluene is to be fractionated to give an overhead product containing 95 wt.% 
carbon tetrachloride, a bottom one of 5 wt.% carbon tetrachloride, and a 
sidestream containing 80 wt.% carbon tetrachloride. Both the feed and sidestream 
can be regarded as liquids at boiling points. 
 

 
 

Fig. 1063. Enthalpy-composition diagram for system with two feeds. 
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The rate of withdrawal of the sidestream is 10% of the column feed rate 

and the external reflux ratio is 2.5. Using the enthalpy composition method, 
determine the number of theoretical stages required, and the amounts of bottom 
product and distillate as percentages of the feed rate. 
 It may be assumed that the enthalpies of liquid and vapour are linear 
functions of composition. Enthalpy and equilibrium data are provided. 
 

 
From the enthalpy data and the reflux ratio the upper pole point M can be 

located (Fig. 10.64). Locate F and S' on the liquid line, and the position of the 
effective feed, such that F'S'/F'F = 10. Join NF' and extend to cut x = xw at M, the 
lower pofe point. Join MF and extend to cut NS' at O, the intermediate pole point. 
The number of stages required is rhea determined as shown in Fig, 10.64b. 

 
 

FIG. 10.64. Enthalpy-composition diagram for carbon tetrachloride-toluene  
separation (one sidestream) 
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section. Separate difference points are needed for each tray. An 
enthalpy balance for the entire tower is 

 
where QL and QL are the total heat losses for the enriching and 
stripping sections, respectively. When Eq. (9.106) is solved with the 
material balances, Eqs. (9.75) and (9.76), the result is 

 
This is the equation of the line BFT on Fig. 9.34. 

 
Figure 9.34 Heat losses. 
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 The procedure for design is one of trial and error. For 
example, as a first trial, heat losses might be neglected and trays 
calculated with fixed difference points, and after the size of the 
resulting eotuma has been determined, the first estimate of heat 
losses for the two column sections can be made by the usual 
methods of heat-transfer calculations. The heat losses can then be 
apportioned among the trays and the number of trays redetermined 
with the appropriate difference points. This leads to a second 
approximation of the heat loss, and so forth. 

As Fig. 9.34 shows, heat losses increase the internaI-reflux 
ratio, and for a given condenser heat load, fewer trays for a given 
separation are required (recall that the higher the enriching-section 
difference point and the lower the stripping-section difference point, 
the fewer the trays). However, the reboiler must provide not only the 
heat removed in the condenser but also the heat losses. 
Consequently, for the same reboiler heat load as shown on Fig. 9.34 
but with complete insulation against heat loss, all the heat would be 
removed in the condenser, all the stripping trays would use point J, 
and all the enriching trays would use point K as their respective 
difference points. It therefore follows that, for a given reboiler heat 
load or heat expenditure, fewer trays are required for a given 
separation if heat losses are eliminated. For this reason, 
fractionators are usually well insulated. 
 
High-Purity Products and Tray Efficiencies 
 
Methods of dealing with these problems are considered following the 
McCabe-Thiele method and are equally applicable to Ponchon-
Savarit calculations. 
 
MULTISTAGE TRAY TOWERS. METHOD OF McCABE AND 
THIELE 
 
This method, although less rigorous than that of Ponchon and 
Savarit, is nevertheless most useful since it does not require detailed 
enthalpy data. If such data must be approximated from fragmentary 
information, much of the exactness of the Ponchon-Savarit method is 
lost in any. case. Except where heat losses or heats of solution are 
unusually large, the McCabe-Thiele method will be found adequate 
for most purposes. It hinges upon the fact that, as an approximation, 
the operating lines on the xy diagram can be considered straight for 
each section of a fractionator between points of addition or 
withdrawal of streams. 
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Equimolal Overflow and Vaporization 
 
Consider the enriching section of the fractionator of Fig. 9.17. In the absence of 
heat losses, which can be (and usually are) made very small by thermal insulation 
for reasons of economy if for no other, Eq. (9.61) can be written 

 
where Q' includes the condenser heat load and the enthalpy of the distillate, per 
mole of distillate. The liquid enthalpy HLn. is ordinarily small in comparison with Q' 
since the condenser heat load must include the latent /teat of condensation of at 
least the reflux liquid. If then HGn+1- HLn is substantially constant Ln/Gn+1 will be 
constant also for a given fractionation [48]. From Eq. (9.11) 

 
where tn+1 

is the temperature of the vapor from tray n +1 and the λ's are the latent 
heats of vaporization at this temperature. If the deviation from ideality of liquid 
solutions is not great, the first term in brackets of Eq. (9.109) is 

From Eq. (9.10), 

 

For all but unusual cases, the only important terms of Eq. (9.112) are those 
containing the latent heats. The temperature change between adjacent trays is 
usually small, so that the sensible-heat term is insignificant. The heat of solution 
can in most cases be measured in terms of hundreds of kJ/kmol of solution, 
whereas the latent heats at ordinary pressures are usually ia 104 kJ/kmol. 
Therefore, for all practical purposes, 

where the last term is the weighted average of the molal latent heats. For many 
pairs of substances, the moist latent heats are nearly identical, so that averaging is 
unnecessary. If their inequality is the only barrier to application of these simplifying 
assumptions, it is possible to assign a fictitious molecular weight to one of the 
components so that the motal latent heats are then forced to be the same (if this is 
done, the entire computation must be made with the fictitious molecular weight, 
including operating lines and equilibrium data). This is, however, rarely 
necessary.T 

If it is sufficiently important, therefore, one can be persuaded that, for all 
but exceptional cases, the ratio L/G in the enriching section of the fractionator is 
essentially constant. The same reasoning can be applied to an section of a 
fractionator between points of addition or withdrawal of streams, although each 
section will have its own ratio. 

 
T If the only enthalpy data available are the latent heats of vaporization of the 

pure components, an approximate Savarit-Ponchon diagram using these and 
straight HL vs x and HG vs y lines will be better than assuming equal latent heats. 

 

and 
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Consider next two adjacent trays n and r, between which neither addition 

nor withdrawal of material from the tower occurs. A material balance provides 

 
Since Lr-1/Gr=Ln/Gn+1  it follows that Ln = Lr-1 

and Gn+1 = Gr which is the principle of 
equimolal overflow and vaporization. The rate of liquid flow from each tray in a 
section of the tower is constant on a molar basis, but since the average molecular 
weight changes with tray number, the weight rates of flow are different. 

It should be noted that, as shown in the discussion of Fig. 9.12, if the HGY 
and HLx lines on the Hxy diagram are straight and parallel, then in the absence of 
heat loss the LIG ratio for a given tower section will be constant regardless of the 
relative size of HLn and Q' in Eq. (9.108). 

The general assumptions involved in the foregoing are customarily called 
the usual simplifying assumptions. 
 
 
Enriching Section. Total Condenser. Reflux at the Bubble Point 
 
Consider a section of the fractionator entirely above the point of 
introduction of feed, shown schematically in Fig. 9.35a. The 
condenser removes all the latent heat from the overhead vapor but 
does not cool the resulting liquid further. The reflux and distillate 
product are therefore liquids at die bubble point and y1 = xD = x0. 
Since the liquid, L mol/h, falling from each tray and the vapor, G 
mol/h, rising from each tray are each constant if the usual simplifying 
asssumptions pertain, subscripts are not needed to identify the 
source of these streams. The compositions, however, change. The 
trays shown are theoretical trays, so that the composition yn of the 
vapor from the nth tray is in equilibrium with the liquid of composition 
xn leaving the same tray. The point (xn, yn), on x,y coordinates, 
therefore falls on the equilibrium curve. 
 A total material balance for the envelope in the figure is 

 

For component A, 

 
from which the enriching-section operating Iine is 
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This is the equation of a straight line on x,y coordinates (Fig. 9.35b) 
of slope L/G = R/(R + 1), and with a y intercept of xD/(R + 1). Setting 
xn = xD  shows yn+1 = xD, so that the line passes through the point y = 
x = xD on the 45º diagonal. This point and they intercept permit easy 
construction of the line. The concentration of liquids and vapors for 
each tray is shown in accordance with the principles of Chap. 5, and 
the usual staircase construction between operating line and 
equilibrium curve is seen to provide the theoretical tray-concentration 
variation. The construction obviously cannot be carried farther than 
point P. 

In plotting the equilibrium curve of the figure, it is generally 
assumed that the pressure is constant throughout the tower. If 
necessary, the variation in pressure from tray to tray can be allowed 
for after determining the number of real trays, but this will require a 
trial-and-error procedure. It is ordinarily unnecessary except for 
operation under very low pressures. 
 
 

 
                                    Figure 9.35 Enriching section. 
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Exhausting Section; Reboiled Vapor in Equilibrium with 
Residue 
 
Consider next a section of the fractionator below the point of 
introducing the feed, shown schematically in Fig. 9.36a. The trays 
are again theoretical trays. The rates of flow L and G are each 
constant from tray to tray, but not necessarily equal to the values for 
the enriching section. A total material balance is 

and, for component A, 

 
 

 
 Figure 9.36 Exhausting section. 
 
These provide the equation of the exhausting-section operating line, 

This is a straight line of slope L/G = L(L - W), and since when xm = 
xw, ym+1 = xw, it passes through x =y = xw on the 45º diagonal (Fig. 
9.36b). If the reboiled vapor yw is in equilibrium with the residue xw, 
the first step of the staircase construction represents the reboiter. 
The steps can be carried no farther than point T. 
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Introduction of Feed 
 
It is convenient before proceeding further to establish how the 
introduction of the feed influences the change in slope of the 
operating lines as we pass from the enriching to the exhausting 
sections of the fractionator. 

Consider the section of the colunm at the tray where the feed 
is introduced (Fig. 9.37). The quantities of the liquid and vapor 
streams change abruptly at this tray, since the feed may consist of 
liquid, vapor, or a mixture of both. If, for example, the feed is a 
saturated Iiquid, L will exceed L by the amount of the added feed 
liquid. To establish the general relationship, an overall material 
balance about this section is 

and an enthalpy balance, 

The vapors and liquids inside the tower are all saturated, and the 
rnolal enthalpies of all saturated vapors at this section are essentially 
identical since the temperature and composition changes over one 
tray are small. The same is true of the molal enthaIpies of the 
saturated liquids, so that HGf = HGF+1, and 

 
Combining this with Eq. (9.123) gives 

 
                                              Figure 9.37 Introduction of feed. 
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The quantity q is thus seen to be the heat required to convert 1 mol 
of feed from its condition HF to a saturated vapor, divided by the 
molal latent heat HG - HL . The feed may be introduced under any of 
a variety of thermal conditions ranging from a liquid well below its 
bubble point to a superheated vapor, for each of which the value of q 
will be different. Typical circumstances are listed in Table 9.1, with 
the corresponding range of values of q. Combining Eqs. (9.123) and 
(9.126), we get 

which provides a convenient method for determining G. 
The point of intersection of the two operating lines will help locate 

the exhausting-section operating line. This can be established as 
foItows. Rewriting Eqs. (9.117) and (9.121) without the tray 
subscripts, we have 

Subtracting gives 

Further, by an overall material balance, 

 
Substituting this and Eqs. (9.126) and (9.127) in (9.130) gives 

 
 
This, the locus of intersection of operating lines (the q line), is a 
straight line of slope q/(q -1), and since y = zF when x = zF it passes 
through the point x = y = zF on the 45º diagonal. The range of the 
vatues of the slope q/(q - 1) is listed in Table 9.1, and the graphical 
interpretation for typical cases is shown in Fig. 9.38. Here the 
operating-line intersection is shown for a particular case of feed as a 
mixture of liquid and vapor. It is clear that, for a given feed condition, 
fixing the reflux ratio at the top of the column automatically 
establishes the liquid/vapor ratio in the exhausting section and the 
reboiler heat load as well. 
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           Figure 9.38 Location of q line for typical feed conditions. 
 

Location of the Feed Tray 
 
The q line is useful in simplifying the graphical location of the 
exhausting line, but the point of intersection of the two operating 
lines does not necessarily establish the demarcation between the 
enriching and exhausting sections uf the tower. Rather it is the 
introduction of feed which governs the change from one operating 
line to the other and establishes the demarcation, and at least in the 
design of a new column some latitude in the introduction of the feed 
is available. 
 Consider the separation shown partially in Fig. 9.39, for 
example. For a given feed, zF and the q line are fixed. For particular 
overhead and residue products, xD and xw are fixed. If the reflux ratio 
is specified, the location of the enriching line DG is fixed, and the 
exhausting line KC must pass through the q line at E. if the feed is 
introduced upon the seventh tray from the top (Fig. 9.39a), tine DG is 
used for trays 1 through 6, and, beginning with the seventh tray, the 
line KC must be used. If, on the other hand, the feed is introduced 
upon the fourth from the top (Fig. 9.39b), line KC is used for all trays 
below the fourth. Clearly a transition from one operating line to the 
other must be made somewhere between points C and D, but 
anywhere within these limits will serve. The least total number of 
trays wilI result if the steps on the diagram are kept as large as 
possible or if the transition is made at the first opportunity after 
passing the operating-line intersection, as shown in Fig. 9.39c. In the 
design of a new column, this is the practice to be followed. 
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In the adaptation of an existing column to a new separation, 

the point of introducing the feed is limited to the location of existing 
nozzles in the column wall. The slope of the operating lines (or reflux 
ratio) and the product compositions to be realized must then be 
determined by trial and error, in order to obtain numbers of 
theoretical trays in the two sections of the column consistent with the 
number of real trays in each section and the expected tray efficiency. 

 
                                 Figure 9.39 Location of feed tray. 
 
Total Reflux, or Infinite Reflux Ratio 
 
As the reflux ratio R = L/D is increased, the ratio L/G increases, until 
ultimately, when R =∞ , L/G = 1 and the operating lines of both 
sections of the column coincide with the 45º diagonal as in Fig. 9.40. 
In practice this can be 

                                     Figure 9.40 Total reflux and minimum travs  
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realized by returning all the overhead product back to the column as 
reflux (total reflux) and reboiting all the residue product, whereupon 
the forward flow of freah feed must be reduced to zero. Alternatively 
such a condition can be interpreted as requiring infinite reboiler heat 
and condenser cooling capacity for a given rate of feed. 
 As the operating lines move farther away from the equilibrium 
curve with increased reflux ratio, the number of theoretical trays 
required to produce a given separation becomes less, until at total 
reflux the number of trays is the minimum Nm. 

If the relative volatility is constant or nearly so, file analytical 
expression of Fenske, Eq. (9.85), can be used. 
 
Minimum Reflux Ratio 
The minimum reflux ratio Rm is the maximum ratio which will require 
an infinite number of trays for the separation desired, and it 
corresponds to the minimum reboiter heat and condenser cooling 
capacity for the separation. Refer to Fig. 9.41a. As the reflux ratio is 
decreased, the slope of the enriching 

 
                           Figure 9.41 Minimum reflux ratio and infinite stages. 
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operating line becomes less, and the number of trays required 
increases. Operating line MN, which passes through the point of 
intersection of the q line and the equilibrium curve, corresponds to 
the minimum reflux ratio, and an infinite number of trays would be 
required to reach point N from either end of the tower. In some 
cases, as in Fig. 9.41b, the minimum-reflux operating tine will be 
tangent to the equilibrium curve in the enriching section, as at point 
P, while a line through K would clearly represent too small a reflux 
ratio. It has been pointed out that all systems show concave-upward 
xy diagrams near the critical condition of the more volathe 
component [66]. Because of the interdependence of the liquid/vapor 
ratios in the two sections of the colunm, a tangent operating line in 
the exhansting section may also set the minimum reflux ratio, as in 
Fig. 9.41c 
 
When the equilibrium curve is always concave downward, the minimum reflux ratio 
can conveniently be calculated analytically [63]. The required relationship can be 
developed by solving Eqs. (9.118) and (9,131) simultaneously to obtain the 
coordinates (xa,  ya.) of the point of intersection of the enriching operating line and 
the q line. When the tray-number designation in Eq. (9.118) is dropped, these are 

 
At the minimum reflux ratio Rm these coordinates are equilibrium values since they 
occur on the equilibrium curve. Substituting them into the definition of a, Eq. (9.2), 
gives 

 
This conveniently can be solved for Rm for any value of q. Thus, for example: 

 
In each case, the α is that prevailing at the intersection of the q line and the 
equilibrium curve. 
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TRATAMIENTO GENERAL PARA DESTILACIÓN BINARIA 
 
 
Recapitulando las ecuaciones obtenidas anteriormente, pretendo 
mostrar las herramientas a emplear para el análisis de una columna 
de destilación binaria más compleja. 

 
Figura 9.17 

 
Velocidades de Flujo Neto: 

Balance Condensador,   D = V1 – L0 
Balance SC III,    D = Vm11 - Ln 

 
Balance (de A) Condensador,  DxD = V1 y1 – l0x0 
Balance (de A) SC III,   DxD = Vn+1 yn+1 – lnxn 

 
Se observa que DxD es el flujo neto de A y D es el flujo neto en la 
sección de rectificación. 
 
Para la sección inferior (agotamiento), un tratamiento análogo indica 
que wxw  es el flujo neto de A y w es el flujo neto para dicha sección. 
 



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 219

Relaciones de Operaciones: 
 

LOS : 
1n

D
n

1n

n
1n V

Dx
x

V
L

y
++

+ +=  

 

LOI : 
1m

w
m

1m

m
1m V

Wx
x

V
L

y
++

+ +=  

 
Condensador y plato superior:   
 
volviendo  a LOS, eliminando subíndices, 
 

V
Dx

x
V
L

y D+= ,  la intersección con la diagonal y = x lleva a x = xD 

 
∴ LOS intercepta la diagonal en el punto (xD,xD) solo si un producto 
es extraído por el tope. 

 
Figura 19-11 Material-balance diagrams for top plate and condenser: (a) top plate; (b) total 
condeser; (c) partial and final condensers. 
 

 
Figure 19-12 Graphical construction for top plate: (a) using total condenser; (b) using partial 
and final condensers. 

 
El condensador parcial es equivalente a una etapa teórica extra e el 
equipo de destilación. 
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Hervidor y plato inferior:  
 
Volviendo  a LOI y eliminando sub-índices, 
 

V
Wx

x
V
L

y w+= , 

 la intersección con la diagonal y = x, lleva a x = xw . 
 
∴ LOI intercepta la diagonal en el punto (xw ,xw ) 

 
Figure 19-13 Material-balance diagram for bottom plate and reboiler 

 
 

 
Figure 19-14 Graphical construction for bottom plate and reboiler: triangle cde, reboiler; 

triangle abc, bottom plate. 
 
 

Plato de alimentación y línea de alimentación: 
 
La alimentación aumenta el reflujo en la sección de agotamiento , 
aumenta el vapor en la zona de rectificación o ambas. En la zona de 
rectificación  V > L y en la de stripping VL > . Esto implica que la 
pendiente de LOS es menor que 1 y la de LOI mayor que 1. 
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Figure 19-15 Flow through feed plate for various feed conditions: a) feed cold liquid; (b) feed 
saturated liquid; (c) feed partially vaporized; (d) feed saturated vapor; (e) feed superheated 
vapor. 
 

 
Los 5 tipos de alimentación pueden correlacionarse fácilmente 
mediante el uso de un factor f, definido como el número de moles de 
vapor introducido por cada mol de alimentación; se le conoce como 
la fracción vaporizada. 
 

f : fracción de vapor 
          1 – f : fracción de líquido 
 

Alimentación fría    f < 0 
Alimentación líquido saturado  f = 0 
Alimentación parcialmente vaporizado 0 < f < 1 
Alimentación vapor saturado   f = 1 
Alimentación vapor recalentado  f > 1 

 
La línea de alimentación se determina del siguiente modo: 
 

V = V  + f F 
L = L + (1-f) F 

 
Vy = Lx +DxX 
V y = L x – Wxw     
 x e y son iguales en intercepción de LOS y LOI. 

 
 



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 222

 
Restando: 
        y(V – V ) = x(L -  L ) +DxD + Wxw  

V – V  = f F 
 L – L  = -(1 – f ) F 
     FxF = DxD + Wxw  

 
Reemplazando y ordenando: 

f
x

x
f

f1y F+−−= ,    Línea Alimentación (LA) 

La sustitución de y = x implica x = xF. Es decir, LA cruza la diagonal 
y = x (parte de ella). 

 
Figure 19-16 Effect of feed condition on feed line: ra, feed cold liquid: rb, feed saturated 
liquid; rc, feed partially vaporized; rd, feed saturated vapor; re, feed superheated vapor. 

 
Figure 19-17 Feed – plate location 
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Alimentación fría:    
( )

λ
−

−= FbpL TTc
f  

 

Alimentación vapor recalentado: 
( )

λ
−

+= dFpv TTc
1f  

 
Donde:  
 

CpL, Cpv :Calores específicos líquido y vapor, respectivamente, 
kcal / kg -ºC 

TF :  Temperatura alimentación, ºC 
Tb, Td : Punto burbuja, rocío de la alimentación, ºC 
λ :   Calor latente vaporización, kcal / kg. 

 
 
 
Alimentación Múltiple 
 

 
Figure 9.32 Fractionator with two feeds. 

 
Considerando flujo molar constante:  
 

Ln = L; Vn+1 = V; L’n = L ; V’n+1 = V ; Ln = L ; Vn+1= V . 
 
Balance Global : F1 +F2 = D + W 



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 224

 
Balance componente : F1 xF1 + F2 xF2 = DxD + Wxw  
 
Balance plato n ↑ :  

Vn+1 = Ln + D 
Dn1n DxLxVy +=+  

Dn1n x
V
Dx

V
Ly +=+    LOS 

 
Balance plato r ↓ : 

DLFV 1 +=+  

Dr1F11r DxxLxFyV +=++  

V

xFDxx
V

Ly 1F1D
r1r

−+=+   LOM 

si se toma r ↓, se obtiene: 
 

  
V

WxxFx
V

Ly w2F2
r1r

−+=+   LOM   

( que es idéntica a anterior ) 
 
Balance plato m↓ : 
  

  WVL +=  

  W1nm WxyVxL += +  

  
V

Wxx
V

Ly W
p1n −=+   LOI 

 

                 
 

11FfVV +=  

( ) 11 Ff1LL −+=  

DDxLxyV +=   (i) 
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1F1D xFDxxLVy −+=  (ii) 
 
Restando (i) , (ii); 

( ) 1F1xFxLLVVy +





−=−  

( ) 1F11111 xFxFf1Fyf +−−=  
( )

1

1F

1

1

f
x

x
f

f1
y +

−
−=∴   LAS 

 
Ahora, si reemplazamos: 

21 FporF  

VporV

LporL

VporV

LporL

fporf 21

 

Se obtiene,  
( )

2

2F

2

2

f
x

x
f

f1
y

−
−=   LAI 

 

V

Lm
V
Lm

V
Lm LOILOMLOS ===  
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Corrientes laterales 
 
La corriente lateral P, se extrae como líquido saturado de la etapa 
ideal p. 
 

 
 
Balance global : F = D + W + P 
 
Balance componente : FxF =DxD + WxW + PxP 
 

Balance plato n ↑ da: 
V

Dx
x

V
Ly D

n1n +=+   LOS 

Balance plato r ↑ da : 
V

DxFxx
V

Ly DF
r1r

−−=+   LOM 

Balance plato r ↓ da : 
V

PxWxx
V

Ly PW
r1r

+−=+  LOM 

Balance plato p ↓ da : 
V

Wxx
V

Ly W
p1p −=+   LOI 
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Línea alimentación: 
 

 

( )

f
xx

f
f1y

Ff1LL

fFVV

F+−−=

−+=

+=

 

 
Plato de corriente lateral: 

 

PLL

VV

−=

=  

 
xp debe caer justo en una etapa de equilibrio en este caso. 
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Vapor directo, vivo, abierto 
 
En este caso, sólo se modifica la LOI. 
 

 
Figure 9.44 Use of open steam. 
 
Balance componente: W1nn WxyVoVxL +=+ +  

      w

m

1n x
V

W

xV

Ly −=∴ +  

cuando corta la diagonal y=x, 
VL

Wxxy W

−
==  

 
Este sistema se emplea cuando el agua es el componente menos 
volátil; en este caso, el agua es removida como residuo en el 
producto de fondo y el calor requerido puede ser suplido mediante la 
admisión directa de vapor por el fondo de la columna. Para una 
determinada composición xD y reflujo RD, se requiere un mayor 
número de etapas ( el agua diluye el producto de cola); sin embargo, 
ello es normalmente más barato que el empleo de un reboiler y sus 
costos de limpieza. 
 
Obtención de productos muy puros 
 
Cuando en los extremos de la columna se obtienen productos muy 
puros , un solo diagrama no es satisfactorio, dado que los escalones 
son muy pequeños en las cercanías de x=0 y x=1 ( también  cerca 
de las concentraciones azeotrópicas) 
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A este respecto, existen 3 soluciones: 
 

1. Diagramas auxiliares ampliados en los extremos. 
2. Graficar relaciones de equilibrio y operación en coordenadas 

logarítmicas. La recta de operación ya no lo es en 
coordenadas logarítmicas y por ello debe calcularse algunos 
puntos de ella ( se asignan valores a x y se calcula y de las 
relaciones obtenidas del balance de materia). El numero de 
escalones NO ES ALTERADO POR EL CAMBIO DE 
COORDENADAS. 

3. Emplear la ecuación de Kremser que será vista más adelante. 
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Método de Entalpía - Composición 
 
En este método no es necesario la aproximación que se introduce al 
suponer flujo molar constante. Por ello, los cálculos pueden ser 
realizados con fracciones molares o en peso. 
 
El método combina el balance de energía con las ecuaciones de 
balance de materia utilizados en el método de Mc Cabe-Thiele. 
 
La ecuación resultante puede ser representada gráficamente en un 
diagrama entalpía-composición, en el cual la entalpía del vapor y 
liquido en BTU/lb, BTU/lb mol, kcal/kg, etc. Es graficada versus la 
composición en ambas fases. 

 
Fig 9.17 Material and enthalpy balanced of a fractionator. 

 
Sección de rectificación o enriquecimiento. 
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Considerando plato n ↑: 

(1). DLV n1n +=+  
(2). Dnn1n1n DxxLyV +=++  
(3). cDnn1n1n QDhHLHV ++=++  

Sustituyendo (1) en (2) y (3), se obtiene, 
 

(4). Dnn1n1nn DxxLDyyL +=+ ++  
(5). cDnn1n1nn QDhhLDHHL ++=+ ++  

 
Combinando (4) y (5), 
 

1n

n1n

1n
c

D

n1n

1nD

n1n

H'D
hH

h
D
Qh

hH
yx

xy

+

+

+

+

+

+

−
−

=







−+

+
=

−
−  

 
donde: D’ = hD + Qc/D se denomina punto de referencia superior 
(equivalente a LOS en método de Mc Cabe- Thiele). 
 
Si la entalpía y composición de los flujos Vn+1, Ln y D son graficados 
sobre un diagrama entalpía-composición para el sistema en 
consideración y el punto D’ graficado en coordenadas (xD, hD+Qc/D), 
queda claro que por similitud de triángulos, 
 

1n

n1n

1nD

n1n

H'D
hH

yx
xy

+

+

+

+

−
−

=
−

−
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Otras relaciones que se pueden obtener, 
 

1n

n

1nD

nD

H'D
h'D

yx
xx

++ −
−

=
−
−

        
n1n

n

n1n

nD

hH
h'D

xy
xx

−
−

=
−
−

++
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Sección de agotamiento o stripping 
 
Considerando el plato m ↓ 
 

WLV m1m −=+  

Wmm1m1m WxxLyV −=++  

BWmm1m1m QWhHLHV +−=++  
 
Arreglando en forma análoga a la sección de rectificación, 
 

( )
m1m

1m

m1m

bw1n

m1m

W1m

hH
'BH

hH
W/QhH

xy
xy

−
−

=
−
−−

=
−
−

+

+

+

+

+

+  

 
donde: B’ =hw  – QB/W se denomina punto de referencia inferior 
(equivalente a LOI) en método de Mc Cabe – Thiele). 
 

 
Flujos netos de entalpía 
 
Ya se demostró en el método de Mc Cabe – Thiele que D y W 
corresponden a un flujo neto de materia. Análogamente, si llevamos 
a cabo un balance de energía en la superficie de control ( plato n ↑), 
obtenemos, 
 

1n1nCDnn HVQDhhL ++=++   (adiabático) 

nn1n1nCD hLHVQDh −=+ ++  
( ) nn1n1nCD hLHVD/QhD −=+ ++  

nn1n1n hLHV'DD −=⋅ ++  
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D· D’ es el flujo neto de entalpia en la seccion de rectificación.  
 
Un análisis similar indica que: 

 
W· B’ es el flujo neto de entalpia en la seccion de agotamiento. 
 

W· B’ = Ln hn– Vn+1Hn+1 
 
En vista de que Qc/D es evidentemente influenciado por la razón de 
reflujo, debe existir una relación entre la posición de D’ y RD 

 

( )
( ) ( )

DD

D

DD

DCD
D

O

DCDDDO

CDDODO

CDDOD

DDOD

O

hH
H'D

hH
HD/QhR

D
L

HD/QhDhHL
QDhhLHDL

QDhhLVH
DxxLVy

DLV

−
−=

−
−+==

−+=−
++=+

++=
+=

+=

 

 
 
Localización de la alimentación 
 
La relación que existe entre la alimentación F y los puntos de 
referencia superior e inferior, puede ser determinados escribiendo el 
balance total de materia, el del componente volátil y el de entalpía, 
sobre toda la columna. 
 
 

( )
( ) CWDBF

WDF

CWDBF

WDF

QWhDhQhWD
WxDxxWD

QWhDhQFh
WxDxFx

WDF

++=++
+=+

++=+
+=

+=

 

 
Arreglando y ordenando 
 

( ) 'Bh
h'D

W/Qhh
hD/Qh

xx
xx

F

F

BWF

FCD

WF

FD

−
−

=
−−

−+
=

−
−
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'Dh
h'D

xx
xx

F

F

WF

FD

−
−

=
−
−

 

 
De esta manera, el punto que representa la entalpía y composición 
de la alimentación debe caer una línea recta que incluye D’ y B’. 
 
Si se lleva a cabo el balance de entalpía en la columna y se ordena, 
 

( ) ( )
'BW'DDFh

W/QhWD/QhDFh
QWhDhQFh

F

CWCDF

BWDBF

⋅+⋅=
−++=

++=+
 

 
Se observa que F es un punto de adición entre D’ y B’ 
 
Concluyendo en base a los flujos netos: 
 
D’ es un punto de diferencia ( )LV −  que expresa la diferencia neta 
de entalpía y composición entre el vapor Vn+1 y el líquido Ln (zona 
rectificación). 
 
B’ es un punto de diferencia ( )LV −  que expresa la diferencia neta 
de entalpía y composición entre el líquido Ln y vapor Vn+1 (zona de 
agotamiento). 
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Figure 19-26. Ponchon-Savarit method. Construction of overall – enthalpy and enthalpy 
operating lines. 
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Razón de reflujo mínima 
 
 
Corresponde a la razón máxima que requiere un número infinito de 
etapas para la separación deseada y con QC y QS mínimos. La 
situación se alcanza cuando una relación de operación (Vn+1Ln) 
coincide con una recta de reparto. Ello puede ocurrir sobre o bajo la 
alimentación. Entonces se tiene que el número de etapas resulta ∞. 
 
 
Para la determinación gráfica, se procede del modo siguiente: 
 
1)Se extienden las rectas de reparto de la sección de rectificación 
hasta cortar la vertical en xD y las de las zonas de agotamiento  
hasta cortar la vertical con xW. 
 
2)Se observa cuál recta de reparto da el valor más alto de D’ sobre 
la alimentación y cuál el menor valor de B’ bajo la alimentación. El 
mayor valor absoluto encontrado es el que fija el reflejo mínimo. 
 
3)En sistemas de comportamiento ideal con alimentación intermedia, 
la recta de reparto cuya prolongación pasa por F determina el reflujo 
mínimo (similar a Mc Cabe-Thiele donde corta de LA con equilibrio 
determina RDmin. 

 
4)En caso no ideales, la condición de RDmín. Puede aparecer en 
cualquier sección de la columna, incluso puede requerirse trial & 
error (caso mezcla etanol-agua con Mc Cabe-Thiele) 
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Figure 9.24 Minimum reflux ratio. 

 
RDoper = K RDmin 
Donde  K>1 (1.2 – 1.5) 
 
 
Razón de reflujo óptima 
 
Todas sus consideraciones han sido estudiadas anteriormente. 
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Condensador Parcial 

 
 

( ) D0010

D0011

01

DyxLyDL
DyxLyV

DLV

+=+
+=

+=
 

 
Arreglando,  ( ) ( )1D010 yyDxyL −=−  

01

1D0

xy
yy

D
L

−
−

=  

10

1D0

yx
yy

D
L

−
−

=−  

 
Aplicando balance entalpía sobre el condensador parcial, se obtiene, 
 

0L1v

1v

01

1D

hH
H'D

xy
yy

D
L

−
−

=
−
−

=  
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Columna completa 
 

 
F al B.P. Cond. Total RD liq a T vapor 

 
Fig 11.27. Determination of number of plates using enthalpy-composition diagram. 
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Número mínimo de etapas 
 
Corresponde a reflujo total, RD = ∞ (D = 0). En este caso QC y QB 
son grandes y las relaciones de balance global de entalpía (S’· F· B’) 
y operación (S’V+1L0 y B’V+1L0) se hacen verticales. 
 
Las rectas de equilibrio (tie lines) determinan en numero mínimo de 
etapas. 

 



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 242

 
Alimentación Multiple 

 
Figure 9.32 Fractionator with two feeds. 

 
Balance en n ↑ es idéntico a los desarrollos anteriores, igualmente al 
balance en n ↓. 
 
Balance en r ↑ 
 

(1) F1 + Vr+1 = Lr +D 
(2) F1xF1 + Vr+1yr+1 = Lrxr + DxD 
(3) F1hF1 + Vr+1Hr+1 = Lrhr + DhD+QC 

 
Moles que salen (neto) 
(1’)  De (1) Vr+1 – Lr = D – F1  
  
Moles A que salen 
(2’) De (2) Vr+1yr+1 – Lrxr = DxD – F1xF1 
  
Energía que sale (neto) 
(3’)  De (3) Vr+1Hr+1 – Lrhr = D(hD+QC/D)-F1hF1 
 

 



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 243

Balance en r ↓ 
 

(4)F2 + Lr = Vr+1 + W 
(5)F2xF2 + Lrxr = Vr+1yr+1 + WxW 
(6)F2hF2 + Lrhr + QB = Vr+1Hr+1 +WhW 

 
De (4) Vr+1 – Lr = F2 + W 
De (5) Vr+1yr+1 – Lrxr = F2xF2 + WxW 
De (6) Vr+1Hr+1 + Lrhr = F2hF2 – W(hW – QB/W)  

 
 
Dado que los balances r↑ y r↓ son idénticos, se observa que los 
flujos son constantes y por consiguiente, determinan un punto de 
diferencia común para toda la columna, que se designa por F’. 
 
Puntos de diferencia D’ y B’ se determinan tal como se ha realizado 
precedentemente con algunas diferencias. 
 
Es posible también analizar una columna con alimentación múltiple 
designando, 
 

(1’) Vr+1 – Lr = D-F1 = ∆m = F2 – W 
 

1

1F1D
m FD

xFDx
x

−
−

=∆  ; M∆  puede ser positivo o negativo 

( )
1

11CD

FD
hFFD/QhD

'F
−

−+
=  

∴(2’) se puede escribir como, 
MMrr1r1r xxLHV ∆++ ∆=−  

 (3’) como, 
'FhLHV Mrr1r1r ∆=−++  

 

Otra forma es utilizando la nomenclatura D,L,V,F  y w  sin escribir 
composiciones  y entalpías. 
 

rC1r1 LQDVF ++=+ +  

1rBr2 VWQLF ++=++  

'F'BFQWFLV

'FF'DFQDLV

2S2

11C

=−=−−=−

=−=−+=−
 

 
Ahora si llevamos a cabo un balance global, 
 

F1 + F2 = D + W 
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Ecuación que es idéntica a (1) después de ordenarla 
 
∴∆M se determina por la recta DF1 y F2W 
 

'w'DQwQDFF DC21 +=−++=+  
∴Punto adición corrientes F1 + F2, esta en la recta D’B’, 
 
 

2F1F1F

2F2F1F

2F1F1F

2F2F1F

2

1

hh
hh

xx
xx

F
F

+

+

+

+

−
−

=
−

−
=  

 
ó 

21

2F21F1
2F1F FF

xFxF
x

+
+

=+  

21

2F21F1
2F1F FF

hFhF
h

+
+

=+  
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Figure 9.33 Construction for two feeds  
KF’ representa relación operación para el punto de diferencia F’ (entre F1 y F2). 
Orden construcción: 1.D’; 2.F’; 3.B’; F’ puede estar sobre D’ o bajo B’. 
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Global: 
 

(1) WDVF 1Np +=+ +  
(2) WDF WxDx0Fx +=+  
(3) CWDS1NpF QWhDhHVFh ++=+ +  

 
Balance en m ↓ 

(4) WVVL 1m1Npm +=+ ++  
(5) W1m1mmm WxyV0xL +=+ ++  
(6) W1m1mS1Npmm WhHVHVxL +=+ +++  

 
De (4), 
 LM – VM+1  =  W – VNp+1 = B’ 
 
Definiendo, 

 
1Np

W
'B VW

Wx
x

+−
=  

 
1Np

S1NpW
'B VW

HVWh
h

+

+

−
−

=  

De (5) 
 Lmxm  -  Vm+1yn+1  =  B’xB’ 
De (6) 
 Lmhm  -  Vm+1Hm+1  =  B’hB’ 
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Corrientes Laterales 
 

a. Sobre el plato de alimentación 
 

 
 

Balance plato j ↑ : 

jC1j LTQDV +++=+  

'TT'DTQDLV Cj1j =+=++=−+  
 
Balance plato j ↓ : 

WVQLF 1jBj +=++ +  

( ) 'T'BFQWFLV Bl1j =−=−−=−+  
 
Global 

TWQDQF CB +++=+  

'B'DQWQDTF BC +=−++=−  

También utilizando F,V , etc 

 

'B'DFQDFVL C =−=−−=−  
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'BVWVL 1Np =−=− +  
W'DWQDVF C1Np +=++=+ +  

 
Adición F + VNp+1 esta en la recta VNp+1 F y en D’W 
 

0'x
'xx

F
V

F1Np

−
−=+  

W

D

x'x
'xx

D
W

−
−

=  

 

 
Figure 9.31 Use of open steam 
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Balance en plato n ↑ y m ↓ no se indican porque ya se ha hecho en 
otras deducciones. 
 

n ↑ 'DQDLV Cn1n =+=−+  

m ↓ 'BQWVL B1nn =−=− +  
 

 
 

D’ se utilizó para líneas operación hasta que una de ellas corte la 
recta TT’D’; T’ para trazar línea de Operación hasta que una de ellas 
corte la recta B’FT’; B’ para las restantes hasta Xw . 

 

La ubicación del punto TF − se obtiene de, 
 

TFT

TFF

xx
xx

F
T

−

−

−
−

=  

TF
TxFx

x TF
TF −

−
=−  
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b. Bajo el punto de alimentación 
 
 

 
 

Balance plato r ↑ : 
 

rC1r LQDVF ++=+ +  

( ) 'S'DFQDFVL C1rr =−=+−=+ +  
 
Balance plato r ↓ : 

'SS'BSQWVL

WSVQL

B1rr

1rBr

=+=+−=−

++=+

+

+
 

 
Global, 

'B'DQWQDSF

SWQDQF

C

CB

+=−++=−

+++=+

B

 

SSF

FSF

xx
xx

F
S

−
−

=
−

−  

SF
SxFx

x SF
FS −

−
=−  
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D’ se cumplen para línea operación hasta cortar S’FD’; S’ hasta que 
se pase a la recta B’S’S y B’ hasta llegar a Xw  

 

 

 
Casos especiales 
 
a. Rectificación solamente 
 

 
 
En este caso, la alimentación entra como vapor saturado o 
sobrecalentado bajo el plato de fondo. 
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Balance plato n ↑ : 

nC1n LQDV ++=+  
 
Balance plato n ↓ : 

1nn VWFL ++=+  
 
Arreglando ecuaciones, 

'DQDLV Cn1n =+=−+  

'DWFLV n1n =−=−+  
 
D’ se usa como punto diferencia hasta que una línea crece o 
alcance a Xw  
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b. Stripping solamente 
 

 
Balance plato n ↑ : 

n1nC1n LVLQDFV +=++=++  
Balance plato n ↓ : 

1nBn VWQL ++=+  
Arreglando ecuaciones, 

( ) 'BVFQDFVL 1C1nn =−=+−=− +  

'BQWVL B1nn =−=− +  
 
Todas las líneas de construcción deben trazarse desde al punto de 
referencia B’.  



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 254

 
CONTINUOS- CONTACT EQUIPMENT (PACKED TOWERS) 

 
Towers filled with the various types of packings described in Chap. 6 
are frequently competitive in cost with trays, and they are particularly 
useful in cases where pressure drop must be low, as in low-pressure 
distillations, and where liquid holdup must be small, as in distillation 
of heat-sensitive materials whose exposure to high temperatures 
must be minimized. There are also available extremely effective 
packings for use in bench-scale work, capable of producing the 
equivalent of many stages in packed heights of only a few feet [40]. 
 
The Transfer Unit 
 
As in the case of packed absorbers, the changes in concentration 
with height produced by these towers are continuous rather than 
stepwise as for tray towers, and the computation procedure must 
take this into consideration. Figure 9.49a shows a schematic drawing 
of a packed-tower fractionator. Like tray towers, it must be provided 
with a reboiler at the bottom (or open steam may be used if an 
aqueous residue is produced), a condenser, means of returning 
reflux and reboiled vapor, as welI as means for introducing feed. The 
last can be accomplished by providing a short unpacked section at 
the feed entry, with adequate distribution of liquid over the top of the 
exhausting section (see Chap. 6). 

The operating diagram, Fig. 9.49b, is determined exactly as 
for tray towers, using either the Ponchon-Savarit method or, where 
applicable, the McCabe-Thiele simplifying assumptions. Equations 
for operating lines and enthalpy balances previously derived for trays 
are all directly applicable, except that tray-number subscripts can be 
omitted. The operating lines are then simply the relation between x 
and y, the bulk liquid and gas compositions, prevailing at each 
horizontal section of the tower. As before, the change from enriching- 
to exhausting-section operating lines is made at the point where the 
feed is actually introduced, and for new designs a shorter column 
results, for a given reflux ratio, if this is done at the intersection of the 
operating lines. In what follows, this practice is assumed. 
  For packed towers, rates of flow are based on unit tower 
cross-sectional area, moI/(area)(time). As for absorbers, in the 
differential volume dZ, Fig. 9.49a, the interface surface is a dZ, 
where a is the aA of Chap. 6. The quantity of substance A in the 
vapor passing through the differential section is Gy mol/(area)(time), 
and the rate of mass transfer is d(Gy) mol A/(differential 
volume)(time). Similarly, the rate of mass transfer is d(Lx). Even 
where the usuaI simplifying assumptions are not strictly applicable, 
within a section of the column G and L are both sufficiently constant 
for equimolar counterdiffusion 
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                                               Figure 9.49 Fractionation in a packed tower. 
 

A similar expression, with appropriate integration limits, applies to 
the stripping section. 
 For any point (x,y) on the operating line, the corresponding 
point (xi, yi) on the equilibrium curve is obtained at the intersection 
with a line of slope -k´x/k´y = - k'xa/k´ya drawn from (x, y), as shown in 
Fig. 9.49b. For k´x > k´y so that the principal mass-transfer resistance 
lies within the vapor, yi - y is more accurately read than x – xi. The 
middle integral of Eq. (9.152) is then best used, evaluated 
graphically as the area under a curve of 1/ k´ya (yi - y) as ordinate, 
Gy as abscissa, within the appropriate limits. For k´x <  k´y it is better 
to use the last integral. 
 
In this manner, variations in G, L, the coefficients, and the interracial 
area with location on the operating lines are readily dealt with. 
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For cases where the usual simplifying assumptions apply, G 
and L within any section of the tower are both constant, and the 
heights of transfer units are sometimes sufficiently constant (or else 
average values for the section can be used), so that Eq. (9.152) can 
be written 

 
with similar expressions for Zs. The numbers of transfer units NtG and 
NtL are given by the integrals of Eqs. (9.154) and (9.155). It should 
be kept in mind, however, that the interfacial area a and the mass-
transfer coefficients depend upon the mass rates of flow, which, 
because of changing average molecular weights with concentration, 
may vary considerably even if the molar rates of flow are constant. 
The constancy of HtG and HtL should therefore not be assumed 
without check. 

Ordinarily the equilibrium curve for any section of the tower 
varies in slope sufficiently to prevent overall mass-transfer 
coefficients and heights of transfer units from being used. If the curve 
is essentially straight, however, we can write 

 
Here, y* -y is an overall driving force in terms of vapor compositions, 
and x - x* is a similar one for the liquid (see Fig. 9.49b). For such 
cases, Eqs. (8.48), (8.50), and (8.51) can be used to determine the 
number of overall transfer units without graphical integration. As 
shown in Chap. 5, with F's equal to the corresponding k"s, 

where 
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where, in Eqs. (5.27) and (5.28), m = m' = m" = slope of a straight 
equilibrium curve. 

Although practically all the meaningful data on mass-transfer 
coefficients in packings were obtained at relatively low temperatures, 
the limited evidence is that they can be used for distillation as well, 
where the temperatures are normally relatively high. As mentioned in 
Chap. 6, departure has been noted where surface-tension changes 
with concentration occur. In the case of surface-tension-positive 
systems, where the more volatile component has the lower surface 
tension, the surface tension increases down the packing, the film of 
liquid in the packing becomes more stable, and mass-transfer rates 
become larger. For surface-tension-negative systems, where the 
opposite surface-tension change occurs, results are as yet 
unpredictable. Research in this area is badly needed. 
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APPENDIX D-2f. EQUILIBRIUM DATA 
 
Propane-Oleic Acid-Cottonseed Oil System 

(98.5°C, 625 psia) 
[Hixson, A. W. and J.B. Bockelmann, Trans. A.I.Ch.E., 38, p. 891 (1942) (By 

permission of A.I.Ch.E.)] 
Equilibrium Tie Line Data, Weight Percent 

 
Styrene-Ethyl Benzene-Diethylene Glycol System 
[Boobar, M. G. et. al., Ind. Eng. Chem., 43, p. 2922 (1951) By permission of Amer. 

Chem. Soc.] 

Equilibrium Compositions Weight Percent, at 25°C 
 

lsopropyl Ether-Acetic Acid-Water System 
[Othmer, D. F., R. E. Whiteand E. Trueger, lnd. Eng. Chem.,33, p. 1240 (1941} By 

permission of Amer. Chem. Soc.] Solubility Data, Weight Percent, at 20°C 
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EQUILIBRIOS VAPOR- LIQUIDO 
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Fig 330. Diagrama de entalpía-composición para el sistema alcohol etílico – agua, 
representativo del equilibrio liquido – vapor a 1 atm. 

1 Btu/lb = 0,556 Kcal/ kg; ºC = (ºF – 32 ) 0,556.



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 261

 



TRANSFERENCIA DE MATERIA  - ASPECTOS TEORICOS 

Universidad Mayor – Dr. Carlos Martínez Pavez  - Marzo 2002 262

Figure 3.4. Enthalpy-composition diagram for ethanol-water mixtures at 1 atm pressure (3) 
Reference state: liquid water at 32ºF, liquid ethanol at 32º. (By permission of John Wiley; copyright © 
1950.) 
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