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Abstract -- It is presented an analytical expression for
the minimum gas flowrate required for the design of
an isothermal countercurrent gas stripper, when
Henry's law (H > 1) applies and the gas and liquid
streams are concentrated in the soluble gas of the
binary gas mixture. This solution allows for a faster
and more accurate result, for (Gg)min, than the
graphical procedure presently in use.
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I. INTRODUCTION

One of the first steps in designing an isothermal gas
stripper is to calculate the minimum gas flow rate,
which satisfies the given specifications. The graphical
procedure currently used when dealing with concen-
trated gas mixtures, consists in employing a Y, X plot,
where these are molar ratios or “molal stoichiometric
units” (Sherwood et al., 1975) in the gas and liquid
phase, respectively. The advantage of using this type of
diagrams is that the operating line is a straight line that
permits, from its slope, a direct calculation of (Gg)min.
The case here considered is the design of an isothermal
gas stripper, for highly concentrated binary mixtures,
when Henry's Law applies.

There are several gas/liquid systems of industrial inter-
est that still follow Henry's law when the gas mixtures
are concentrated in the soluble gas; some examples are
hydrogen in organic liquids and petroleum cuts (Birthler
et al., 1963; Chao et al., 1981; Alessi et al., 1996, Bat-
tino and Clever, 1996; Luhring and Schumpe, 1989;
Herskovitz et al., 1983; King and Najjar, 1977), carbon
monoxide in organic liquids (Luhring and Schumpe,
1989), carbon dioxide in water (Perry, 1963), in organic
liquids (Luhring and Schumpe, 1989) and bitumens (Lal
et al, 1989) and hydrogen sulphide in hydrocarbons
(Lal et al., 1989). Practically all theses systems have a
Henry’s constant higher than unity and therefore, as
demonstrated in Section II, show an equilibrium curve
which is concave upward in the Y, X diagram.

In a Y, X plot, when the equilibrium line is concave
downward and Henry’s Law applies, as is the case for
H<1 as demonstrated in Section II, the solution for the
inert molar ratio (Lp/Gp)may 1S straight forward:

(LB/GB) :(YZ*_YI)/(XZ_X]) 1

max
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In the stripper design case all molar ratios in Eqn. 1 are
specified except Y5, but this is given by:

Y, Zyz/(l_yz) ()
where y*z = H.x, can be obtained from Henry’'s Law;
consequently, Eqn. 1 allows the direct calculation of the
(L/GB)max ratio without any need of performing a Y, X
plot for the isothermal stripper of concentrated gas mix-
tures when Henry’s law applies and H<1.

The case we are dealing with is a countercurrent iso-
thermal stripper for concentrated gas mixtures when
H>1, which applies to most of the above indicated
gas/liquid systems of industrial interest. In this situation
the equilibrium curve is concave upwards. Fig. 8.11 in
(Treybal, 1980) shows how the graphical procedure,
mostly used at present to get (Gg)min, is employed. This
is also shown in present Fig. 3. From the point Y, X;,
which corresponds to the dilute bottom of the stripper,
in the Y, X diagram, the operating line is drawn tangen-
tial to the equilibrium line. This determines the point
Yy, Xu and the slope of this tangent gives (Lp/Gg)max
from which (Gg)mi, is obtained.

The present development allows the direct calculation
of (Gg)min, for such case, without any graphical proce-
dure.

II. RANGE OF VALUES OF HENRY’S
CONSTANT

Here it is discussed the range of values of Henry’s con-
stant to obtain an equilibrium curve with upward or
downward concavity in a Y, X plot. Henry’s Law ap-
plies:

y=Hx 3
Substituting Y, X in Eqn. 3 results:
Y=HX/(1+X(1-H)) )

Since Y and X can not have negative values Eqn. 5 and
Eqn. 6 must hold:

Y>0 5
X>0 (6)

Consequently, for Eqn. 5 to be true, since H is always
positive,

1+X(1-H)>0 %

and the following expressions hold :
H <1 X>0 (8)
H >1 0<X<1/(H-1) ©)
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The first derivative of Eqn. 4 is:
a___ H Y (10)
ax  (+x(0-H) (Hx?)
This is always positive and increasing for all values of
Y and X, under Eqn. 5 and Eqn. 6; consequently the
operating line tangent to the equilibrium line also has a
positive slope.
The second derivative is:

d’y _2Y' | X-(H-1)
dX* H.X* |1-X-(H-1)

When H>>1, which is true for many of the gas/liquid
systems indicated above, the second derivative is:

d’y 2.3
el (12)

(I

H-X°

When H>1, since Eqn. 7 is valid, the second derivative
given by Eqn. 11 is positive, thereby giving an equilib-
rium curve with upward concavity. On the other hand,
when H<1 the second derivative is negative and the
equilibrium curve is concave downward. Because of the
background given in the previous section, the develop-
ment that follows deals only with the H>1 case.

To our knowledge there is no analytical solution for the
minimum gas flow required in the isothermal stripping
of a liquid when this gives rise to a concentrated gas
mixture and Henry's law applies (H>1).

III. PROCEDURE TO OBTAIN (Lg/Gg)max

To obtain the maximum molar ratio (Lg/Gg)max Eqn. 4 is
equated to the operating line, which is shown in the
right member of Eqn. 13:

H.X L
_ Ly _ 13
1-X.(H-1) YI{GJW'(X X)) )

which after some rearrangement becomes Eqn. 14:

aX*+bX+c=0 (14)
where:
a=a.(H-1) (15)
b=(H-1)[Y,-a.X|+H-a (16)
c=a.X, -7, (17)
Here above & = (Lp/Gg)max has been introduced.
The solution to Eqn. 14 is:
[12
X, :—bi b” —4ac a8)

2.a

Equation 18 gives the two possible points of intersection
between the equilibrium and operating lines which are
represented by “D” and “E” in Fig. 1. In the present
case, the solution must be only one and real; therefore
Eqn. 19 must be satisfied:

b* —4ac=0 (19)
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Equation 19 and Eqn. 18 determine point X;, where the
operating line touches tangentially the equilibrium line,
as shown in Fig. 1.
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Figure 1: Representation of intersection points
between equilibrium and operating
lines as given by Egs. (18) and (19)

Substituting the coefficients “a”, “b” and “c”, given by
Eqn. 15 through Eqn. 17, in Eqn. 19, results in another
cuadratic equation in & :

da’ +ea+f=0 (20)

where
d=[H-1).x,-1] @1)
g:(H—l).Yl[l—(H—l).Xl]—H.[l+(H—1).X1] (22)

f=[H-1).7, +H] (23)
Finally the solution for & = (Lp/Gp)max 1S given by
Eqn. 24:

L,  H[l+Xx .(H-1)]-Y.(H-11-X, (H-1)
[CTJ ) [x,.(# -1)-1
JH.(H-){7. X, -7, 1-x,.(H-1)]}

[x,.(H-1)-1]*
Since Eqn. 7 holds, the same happens with Eqn. 25:
[1-(H-1).x,]>0 (25)
It is also true that:
HX, >Y, (26)

since X; belongs to the dilute bottom of the tower and
consequently Eqn. 26 is practically same as Eqn. 27:
Hx >y, 27
This is true because the equilibrium line must be over
the operating line for the stripper to function. Then the
first term in the solution given by Eqn. 24 is positive
and same happens with the second term that is preceded
by sign “x .
Equation 24 gives (Lg/Gp)max Only when the “+” sign
preceding its second term holds. This is so because of
the following reasoning.
Let us draw a generic equilibrium curve for the full
range of X, positive and negative values of X (Fig. 2).
Also the point Y, X, corresponding to the dilute bot-
tom of the stripper tower is indicated. Eqn. 24 gives the
two possible points, “A” and “B”, where the tangents
lines passing through Y}, X, can touch the generic equi-
librium line. Since it should hold Xy, >X, it is obvious
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that only the steeper slope of the two straight lines, in
Fig. 2, is possible and this steeper slope can only be
attained if the “+” sign, before the second term in Eqn.
24, is considered as valid.
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Figure 2: Two solutions are obtained for ( é‘B_ }max (Eq. (24))

An additional demonstration to the fact that Eqn. 24,
with the “+” sign before its second term, gives the cor-
rect molar ratio (Lg/Gg)max, 1S given in the Appendix.

Example 1.

The design of stripper section of Illustration 8.2 in
(Treybal, 1980) is taken as an example for the applica-
tion of the solution given by Eqn. 24, in this Note.
Benzene is to be stripped from a wash oil by super-
heated steam injection at atmospheric pressure and
122°C. The debenzolized oil of 0.005 mole fraction, in
benzene, is to be cooled to 26°C and returned to an ab-
sorber. The stripper temperature is constant at 122°C.
Other data are that Henry's law applies with H= 3.16.
Also:

X,=0.119; Lg = 1.787x10 kgmol/s;

Y, =0.0; X;=0.005/(1-0.005) =0.00502

The application of the solution given by Eqn. 24, with
the “+” sign preceding its second term, gives:

L,)  3.16[1+5025x107 x 2.16]
[] ~ [s.025x10%x 2,161
.2 J3.16x2.16 (3.16 x5.025x10°~°)
[5.025x10° x2.16 - 1]

Gy

kgmol st
=3.939 - (G,),  =4537x10 28NS
S

This result agrees with that given by (Treybal, 1980)
with 0.24% error.

While the solution given by (Treybal, 1980) requires
making a Y,X plot to obtain the tangent to the equilib-
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rium curve, the use of the solution given by Eqn. 24
saves time and gives a result less subject to error.

Example 2

Hexane contained in a residual oil is to be stripped with
nitrogen at 100°C and one atma. Content of hexane va-
por at the inlet of the gas stream is 1% v/v. Other data
are:

H=1.6; Ly =0.021 kgmol/s; X, = 0.517;

X; =0.0293;Y, =0.0101

The application of the analytical solution (24) gives:

[LBJ L6 [1+2.93x10’2 (0.6) -1.01x10"2 x0.6 [1—2.93):1072.\'0‘6 ﬂ
max

—2 2
(2,93;-10 x0.671j

2 ) 2 1/2
Z(IAGXOA() [1A6x293x10_ -1.01x10" [1—293.“0_ xOb})]

) 2
(2.93):10 xOAé—IJ

kgmol
=20675 . (Gy),, =0.01016-8"%
s

tttttt

The result obtained from Fig. 3 by means of the graphi-
cal procedure is (Gp)mn = 0.0102 kgmol/s, in good
agreement with the mathematical answer.
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Figure 3: Graphical Procedure for Example 2

IV. CONCLUSIONS

An analytical expression was obtained which allows us
to calculate the minimum gas flow rates of isothermal
gas strippers when Henry’'s law applies (H>1) .This
expression may replace the graphical procedure cur-
rently used, providing an accurate and fast method es-
pecially suited for computerized design procedures.

Appendix

Another demonstration that solution given by Eqn. 24 is
only valid if the “+” sign, before its second term, is
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used, starts from the consideration that Eqn. A1 must
hold:

X, —X >0 (A1)
The substitution of Eqn. 19 in Eqn. 18 gives:
-b
X, =— (A2)
2.a

Now the solution given by Eqn. 24 together with Eqn.
15 and Eqn. 16 are substituted in Eqn. A2 to give:
(F1X +1

X, = 2(1_17]) - (A3)

[y =X :
A sl x] - -] 2T -]

Xwu must satisfy Eqn. Al as a precondition for the de-
sign; the substitution of Eqn. A3 in Eqn. Al gives Eqn.
A4:
1 Hrb e

A )XY - [ E-). X2 E{E-) X - IHE-LX])
After some rearrangement Eqn. A4 becomes in unequal-
ity Eqn. AS:

H (=) J1 + (=) V- (- 1))
(7 = o, (1 1) [t + (b 1) %)= (1 -0) 0,2

Let us call Q the second term, inside the first parenthe-
sis, in the numerator of Eqn. AS.
It can be seen, because of Eqn. 26, that Q>0.; then Eqn.

(A4)

(A5)

A6 follows:
1) H-0 :(\/EJF\@)(\/H_\/@) (A6)
Wr=jof  WH=of

Finally, from this expression it can be concluded that
only if the “+” sign is taken in Eqn. A6 this holds.
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Gg Molar flow of inert gas

H Henry's constant (Eqn. 3)

Lg Molar flow of inert liquid

X  Molar fraction of soluble gas A in the liquid
X Molar ratio in the liquid (mol A/mol B)

Xm  Molar ratio in the liquid at the pinch point

y  Molar fraction of gas A in the mixture

y 2 Molar fraction in equilibrium with x,

Y  Molar ratio in the gas mixture (mol A/mol B)
Yy  Molar ratio in the gas mixture at the pinch point
Molar ratio in equilibrium with X,
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Subscripts

A Refers to the soluble gas

B Refers to the inert component in the gas or lig-
uid phase

1 Refers to the bottom of the stripper or dilute
end of column

2 Refers to the concentrated end of stripper or

top of the stripper column

Refers to the maximum value of the molar flow

ratio

Refers to the minimum value of Gg to fulfill

the required service

max

min
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