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RAY DEAN BECK

The pwpose of this research work is to modify the Kremser equation
50 that 1% can be apnlied to desizn problems lavalving the absorption
of rich gases. Because cf the sssuptions mede in the development of
the Kremser equation, negligible beat effects end ro change in liquid-
gas ratio, this wethod becomes insocurate when the feed is rich in
butanes, pentanes and hexanes.

Rigorous solutions for a large mumber of problems were cdbtained
ty means of plate-to-plate calculations, using the Michigan State
Integral Computer, better known as the MISTIC. The results of these
problens were used to dsteruine & wethod of approach to the modification
and to check the final results.

Subsequant enalysis of these results indicated that the major
porticn of the sbsarption cocurred on the two top and two bottom plates.
The logical approach to this modificetion was to experimentally
detaruine an effective abacrption factor thet would sccoumt for the

lazrze wariation of liquid and gas rates throuchout the tower.

The correlation that proved to be successful employed a carrected
liquid eand gas rate 0 be used to caloulate the effective adscrption
factar.

The correction factor ws found to be a function of entering liquid
rate, tower pressure, and peroentage of absorbable components.

The modified Kremser method, using the effective absorption factor,
yislds reasonably accurate results for the abscrption design problens
investigated.
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Trbrotuction

Decause of the vaost quentity of gesaoline refined yecrly, ths
recovery of veluchle corponents canteined in effluent vopors from
eruda ofl pratuction, creching units, and &lstilletion units 1is
econcalcally impartant in the petroleum industicy.

Ths hich malecular veight cogpounds are usually separated from
the low molecular weight copounds by weans of absception cperations,
Pragently there exist mukrous methods by which shsorption calculations#
can be made. Thess methods can be used for either single salute or
multi-sclute systems.

Review of Caloulation Procedures

Mary investigators have developed methods by vhich abscrption
protlems can be solved. These methods renge from approxizate, simple
caloulation saluticns to rigarous trisl-andeexror soluticos. The
more impartant methods, developed by KremserS, Horton and Frenklin®,
Barbert?, RBdmister end Sherwood™ will be revieved.

4+  In gensral, abscrption csleculations involve calculating the mmber
of thecretical plates necessary t0 absord a given fracticn of the entering
coupanents vhen a given absamber oil rete and pressure are emplayed. For
mare detailed calculations, the tempersture and the liquid and vapor
analyses on each plate are determined.

Thase caloulations may be meds by either analytical or graphical
wethodss In both cases & trial-and-error procedure, or & sizple one-
ocalculation procedure can be used, dspending on the degree of aocuracy






Kremser Algebraic Motina®
The Kreusar alzcbraic wethod my be used when approximate results
are satlisfactary or wien tle foed gas 1s lecan.#

Toe Krewser equatlion is

AMloa 1 -y @)

; -1 Yo = KXnyy
vhere A 1s the sdsarption faotoar, 1.0., A = L/K G, Y, is the composition

of feed gas, Yy is the corposition of effluent gas, Xyg.4 is the mole
fraction of solute in enicering absorber oll, ¥ is the muwber of
theareticel plates in the tover, G is the gas rete, L is the liquid
rate, and K is the equilibrium ecnstant.

With the Kreuwer equation ona can perforn two types of caloulations:
(1) given the tover operuiing canditicns (terperature, pressure, feed
composition) and the number of theoretical plates, cne can ecmpute
the fraction absorbed for each component in the system, or (2) given
the tower cperating conditions and the degres of scparetion required
for & key oouponent, the muber of theoretical plates can be caleulsted.
With the nuder of theorellcal plates detarmined, the fraction sbsarbed
for each remaining camponent can be calculated.

Grephically, the Kremser method consists of drawing an equilibeium
line and an cperating line, and then stepping off the mumber of
theoretical plates by &rawing connecting vertical and hoarizscntal lines
betvesn the two owrves, as illustrated in FPigure l.

. A lean ges 18 one which countaians mainly methane and ethans with
sall snounts of the highor molecular weight corpounds such as propsne
and the butanes, peatares, and haxanss.
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The equilibriwn line is sssumed to De a straight Jine, &ue to
the small concentretim of salutes. By sssuxing consgtant tenpersture
and constant liquid-to-vopor ratlo, the operating line is also
cansidered to be & streight line. This method i based an two
simplifying sssunptions, namely: (1) the heat of condensation of the
absorbed ooponents 1s negligible, and (2) the rates of the liguid
stxean flowing down the tower and the vapor stream flowing wp the
tover remain constant.

Ry referring to Equatioa (1) 3t is seen tuat the Kremser correlation
is & funstion of equilibrium constant (vhich ie & function of temperature)
and liquideto-vapor ratio. Consequently, when the feed gas is rich,
1.6., vhen it cantains high concentraticns of butanes, pentanes and
bhexanes, the amount of abswyption is considersble and results cbtained
by this method deviate considersbly from the true answers. The exTor
is caused by the incressel leat effects and the large variation in liquid-
to-vapar ratio.

Horton and Franklin Method?

In 1540, Horton and Franklin presented a method for absorption
caloulations based ca an effective abscrption factor for each component
in the mixture. They evaluated this effective absorption factor at
several plates in the coluzm for each eouponent.

These effective abscrption factors are substituted in the Kremser
equation in place of the averege sbsarpticn factars The caloulation
18 then the sane a8 that dssaridbed for Kremser algebraic msthod.




A ceveful exsmination of the absorption factor scries expresslms
in the Barbert equaticn (pacs ) indicated to Horton and Franklin that
the effective edsarption factor for light components corresponds to &
position near the bottom of the tower, and for very heavy cocpaments,
to & position noar the top of the tower, In effect, this is consistent
with saying that wost of the sbsorption of the light components will
taie place in the top of tie abscrber and thet the final increment of
1icht component absorbed is controlled by the ebsorption factor in
the botiom of the absorber.

Horton and Franklin preseated the fallowing table for determining
the effective absorptim factor.

TABIR X
A Ao oo
0= 0Jd 1.0
0.1 - 0.’& 009
OQ‘ - 1.0 008
1.0 = ~-° 007
Above L W) 006

vhare n is the totel nuber of plates and w is the plate on which the
e2foctive abacaption factor is calculated, nunbering from the bottom
up. The first columm consists of a range of absarption factors
corresponding to a particular (n « m)/n ratios
In addition Horton and Franklin proposed the faollowing ccerrelation
for estimting the amount absorbed cn each plate.
i
("?r:") "'g";;;- ()

m.u,umwmwnwammmm,e,um






quantity of gas entering the absarber, and @4 is the quantity of gas
leaving the ith plate.

[larbert Metboa?

Rarbert's rigorous calculation methods, in general, consist of
estimating the enalysis of the gas leaving the top of the abscrptio
tower, then calculating the liquid and gas analysis trey by tray dovn-
ward to the bottom of the calzn, by & mterial balance around esch
trays If the calculated analysis of the gas entering the bottom trey
agrees vith the actual anslysis of the feed, the first estimte 1s
correct. Bowever, if these analysis do not agree, the origimal estimte
must be adjusted, depending on the smount and direction of the deviation.

Barbert’s calculations are meds assuming constaut temperatures
vhich, in effect, implies the essuption of constant equilibrium values;
dut not eanstant liquid-to-vapor ratio as in the Kremser and Horton and
Franklin wethods,

Harbert provides suyplesentary caloulaticns to aseount far heat
effects., The texperature on eech plate is calculated Ly msans of beat
and mtarial dalances and, wvith these tezperatures, a nev and more
scourate mterial balance is calculated., This procedure is followed
wntil two ecsecutive sets of tesmperatures, and consequantly two
osonsecutive material belances, convergs to the required degree of
SCOUTACYe

A detalled Harbert procedure is now described. In tray-tostray
caloulations thers exists one equation for esch uninown 1f the adscarption
factor, A, is considered to be constant. This can be showm algebraically
by writing a mterial balance for one cagpanent, around each plate of the
colum. The unknowns are the gas compositions, for one eomponent, ¢ each

m‘“; !1, !a, L f'o
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By rearran;ing the system of equations, these uninowns mmy b2
expressed as a function of feed coposition, sbswber liquid come
positim and absorption factar on each plate. The general farm of
tiese material balance equations 18 as follows.

Xy Ay +dgg 4 == Ayg)2 ¢ 2y + Ayhp + == 4 Mp=e Ayy)
(Lt Map ¢ MAohy & oo 4 Myhphy = Ay, )

o W) QrAA G AL+ AGA At -t Ak = Agy) (3
(L4832 4A2 + MAoh3 & wes ¢ MASA3 oom By
vhare n refers to any plate in the ebsarption tower and ¥ refers to
tle top plate of the tower.
If the entering abaarber liquid is considered to de sclute~free,
then the first term of the mmerstor drops out because (IX)y., equals

Cy)y =

zeTv.

From Equaticn (3) & aystem of equations can be developed for
each plate in the tower by substituting the proper value of n. With
this systen of equations 1t is possidle to calculate the composition
on each tray if the absorption factors are knownes If the tesperature
is assuned to remein constant, then the A walues will wvary only with
the ratio L/G.

The rete and cocpoaition of the gas and liquid leaving each tray
are cnlculated as follows:

(a) estimste the individual edbsorption factors and substitute
then iato Equatiom (3), tius cbteining epproximate values for the
Jiquid and gas rates leaving each plate.

(b) wusing these spproximate L and G values, together with the
egquilibriun constents, caloulate new and wore accurate values for

the sbescrption factors.
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(c) substitute the new ebsorption factors into Equation (3) to
obtain & more sccurate malerial balance.

(3) repeat steps two and three until the desired degree of
accuracy is odtained.

This method ylelds fairly eccurate results if the feed gos is
lean, ar if plate coalers ere used to mintain constant temperature.
Ay eppreciable difference in plate temperatures results in inaccurate
calculations.

This error can be elinminated by correcting the A values for heat
effects each time they are corrected for new liquld and vapor rates.
The temperature correction is made by calculating individual plate
temperatures from & heat balance around each plate.

The general heat belance is

B T * FaaTad *AR T B Tt By Ty ()
where h, is the change in enthalpy per degree Fahrenheit for the
1iquid stream leaving plate n, with reference to the base texperature
atmhutmm,%utmmwmmmmam
gas stresm, and A, is the smomt of heat relessed by condensaticn
of the corponsnts abscaxbed on plate n.

The procedure now HOCowes !

(e) carry out steps & and b as previcusly outlined.

(£) odtain the plate temperatures by Equticn (k).

(g) caloulate new equilibrium valuss for each component on

each plate, at the plate temperature.

(2) with the new liquid end vapor rates snd the new equilideium

values, calculate new adscrption factors for each ecmponent

on each plate.
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(1) substitute the new sbaorption factors into Equetion (3) to
obtain & more accurate material balance.

(3) repeat steps a, b and £ through 1 until tha desired degres
of ecourecy is cobtained.

Eimister Methodl
The Edmister method, first published in 1943, is similar to the
Horton and Franklias method in that doth employ an effective ebsorption
factor. Edmister has made use of the Harbert equation to dafine two
effective absorption factars, Ag and A' s follows
AL ne | Mho Ay oAy e An e et Ay
A.m-.'l. 1LeMhg w= Ag + Aph3 o= A ¢ ~oe + Ay
T G- sl
By enalyszing plate-to-plate caloulaticns and test data for sbsorbers,
Bimister dgtermined that Ay and A' ave essentially independent of the
nurbar of plates and oould de expresssd as a function of Ay and Ay,
the absarpticn factors oa the top and bottom plates.
With this assumption, Ag and A' can de expressed by the following

eguations:

A = \|Ay (AL +1) +0.25 = 0.5 (s)
Atw Apny +2) (6)
Ag + 2
the final oorrelation being
Yo% . 00 : At - Ay (n
Yo ¢= 6010) Ae "1)
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If the entering absorber liguid is solute free, (L X)p . equals
gero, the first tern on the right side of Equatdon (7) becomes unity,
and the equation reduces to the Kremser type, using an effective
ebacrption factor.

Generally, the results obiained by this method can de considered
83 nore gocurete than the Kremssr method, but less acourate than the
Barbert method, dus to the neglect of heat effects. In cases where
the foed gas is very lean, the variatiom between these three methods
may be slight.

&mwood)bthodn

The Sherwood method is a combination graphical and analytiocal
method, using equiliirivm and opereting line concepts. The method
is ayplied, in absorption ealculaticns, by making preliminary
caloulations which permit draving & vapor«liquid equilibriumm curve
for the key ccmponent.

Prom this X » ¥ diagren and the nusber of theoreticel plates,
the opersting line 1s placed by trial end errar. Tue concentretion
of the sclute leaving the top of the tower is fixed by the point
vhers tha operating line intersects the ordinate. With these grephiocal
results, the caloulations for the remsining companents cen dbe coupleted.

Sherwood defines the key component as the component whose sbsorpe
tion factar is closest to unity, Butans is usually the key companent
in the abscrpticn of rich gases.

The key ecomponent is usually absorbed in quantity, with its
equilibrium and operating lines most nearly parallel of all the
corponents in the system.
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Sherwood emplays the more accurate equilibriuam relationship
rex X ®
mmm@mmmamwww
absorber liquid, L.e., the change in liquid-to=gas retio throughout
the tower. Because of this variation, the equilibrium line is curved.

When the absarber liquid entering the tower contains no solute,
the equilibrium curve may bDe located bty the following two facts:
u)mmatmmottumux;;xmmx,um
vapor composition leaving the top plate of the column, and (2) the
point cn the equilibriun curve for conditions at the bottom of the
colizm is dstermined by substituting ¥, T X;, and Y, into Equation
(8), vhere Y, and X; ere the liquid streams at the bottom of the colum.
This 1s Lllustruted in Figure 2.

The term 5 Y, hes unit value by definition. The value of = X)
is calculated from the total males of all eomponents absorbed in the
colume. 8Since the exact location of the equilibrium line is determined
by the total absorption, and the amount absarbed 1s & function of the
equilibrius relations, the procedure is necessarily ons of trial and
erTar.

To start a solutdon by the Sherwood method, make a rough estimmte
of the total adsorption, then caleulate s X3« This estimate ean De
made by using the Kremser equation. JFor the key component, oonstruct
& plot of X versus T (see Figure 2) with slope K - Yy through the
arigine Then locate the point at the bottom of the cclumm (Yo, X3)
from Equation (8). From this slope and point, draw the equilibrium
Iine in ite aypraximate positicm. JFor the first estimate, this line
can be straight.
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INLET GAS

YsMOLES SOLUTE/MOLE

LIQUID ~VAPOR (X-Y) EQUILIBRIUM
AND OPERATING CURVES

POINT GALCULATED BY
EQUATION 8- (Yy, X;)

OPERATING LINE -
PLACED BY TRIAL

2 \

\EOUILIBRIUM LINE

{
SLOPE=KZIYy

(N Xnst)

X*MOLES SOLUTE/MOLE LEAN OIL

FIGURE 2
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Place the opersting line, with slope L/G, by trial end errar.

The location of this lins is facilitated Dy the fact that the cperating
and equilidbrium lines are nearly parallel for the key compouent. The
operating line 4s placed correctly vhen the number of horiszcatel steps
between the operating and equilibrium lines equals the muber of
theoretionl plates in the sdbsorber.

The point at which this line intersects the ordinate of the graph
gives the value of Yy, With this value & new and more acouwrste estimate
of the total absarpticn can bé made,

mmmmm@nummmummmm
of accuracy is cbtained.

Review of Physical laws snd Chomdcal Data

As in most chemical enzgineering operations, ths unit opermtion
of ebsarption has as its fundamenta) basis the varicus physical laws,
such as Racult's Lav, Henry's law and Dalton's Law.

Racult's law

Racult's law states that at any particular constant tewperature,
the pertial pressurs of mme component of & liguid mixture is equal to
the male frection of that companent multiplied by its vepor pressure
in the pure state at tils particular tempersture. According to this
lav the partial pressure varies linearly from zero to the full vepor
pressure as the mole fraction varies from gero to unity.

Raoult's lav is stated mathematically as follows:

P‘-!"’ Xa

where P, is the partial pressure of component A, P,° is the vapor
pressure of pure component A at the temperature of the system, and
xﬁummmawnmmmm.
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Racult's law epplies only to mixtures in which the components are
simllar chemically, and in which the various companents do not interact
in any wey.

When the concentrstion of the camponent to which Raoult's lLaw is
e7plied 1s very hich the deviation is slight. This results in the
statenent that Raoult's law epplies to the solvent.

Boury's law

Henry's law is somevhal anlogous to Racult's law and states that
the paxtial pressure of & component in & liquid mixture is proportional
to the mole fraction of that component,

Henxy's lav is stated mthemationlly as follows:

PpwCX,
vhere C is the Henry's law constent, Strictly speaking C is constant
only at a fixed texperatwre, Ry comparing the equation of Racult's law
with this equation 1t is obvious that Racult's law is & special cuse
of Hernry's lev wherein the constant beccmes the vapor presewe of the
ure componeut.

Vhen the concentration of the cogponent to which Henry's lav is
applied is low, the deviation becomes amall, hence the statenmt is
mde that Eenry's lav sppliss to the saluts.

Dalton's lew

Daltan’s lav simnly states that the total pressure exerted by a
mixture of ideal gases is eqml to the sum of the pressures that would
be exerted by esach of the gases if it were alone and cocupied the total
volume of the mixture. Stated mathemstically, Dalton's lav is

FpaProPgePosaeesPy
vhere Pp is the total pressure of the system and Xy, Py, «— Py are the
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pressure of the individuel components in the systenm.
Dalton's lew dan also be steted mathematically as

Pp=Pp X,

rium Relatl
The variocus physical laws end ccubinaticns of these physical laws
provide the engineer with the equilidrium relationships required for
sbaocrption calculations.
At low pressures Dalton's law can de ocnbined with Racult's law
to give the relstionship
PpaPOX, =P Y,, or

YR

A T
From the latter relationship the oconcept of the squilibrius constant

is dorived.

\ien the pressure 1s low and the components of the mixture are

chomically similar, the equilibrium constant, X is defined by
Y ?,°
X, - x: - (5)

When the pressure is of the order of 100 to 500 pounds per square
inch, the deviation from Racult's law is appreciable when dealing with
hydrocarbons, and Bguation (9) oan no longer be used. When equilibeiua
calculations are to be made at hich presswres, & function termed
fugacity 1s emloyed in place of P,% and Pp.

Fuzacities may be loocked wpon as pressures eqxrected for the
deviations of conpressidbility from the ideal gas lewvs, at the wapor
pressure and total pressure respectively. Fusacities are represented
by the sysbol £.
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substituting £,° for P, 624 £ for Py tle equilibriun relatian
becomes

The fuzacitiss to be used in this relation have been determined
in twvo ways: (1) by calculation from pressure-volume-temperature data,
end (2) bty direct determination of vapor-liquid equilibrium data.

Levis and KayS have carvelsted the results in terms of the reduced
pressure of the system as ths gbacisea, the reduced pressure of the
systca as the parameter end the fugacity to pressure ratio as the
ordinste.

while Equation (10) yields more aocurste equilibrium values than
Eqution (9), neither wethod takes into considerstion the variation
due to the physical propertiss of the solvent or solvents, For instance,
the equilibrium valus for methane in propane might vary occasidersbly
from the equilibrium velue for wetbane in hexana.

Several investigators have studied the phase equilibria of the
low molecular weisht hydrocarbons in various liquids in a wide range
of temperatures and pressures. Foremost among these investigators are
Sare, lacey and Asscciates of the California Institute of Technalogy,
who have published mumerous aerticles concerning phase equilidria of low
molecular hydrocarbons in specific solvents.l9» 11, 12, 13

A second group of investicators, Benedict, Rubin, Webb and Friend
beve correlated equilibrium values es & function of the malal aversge
boiling point of the salvent.} They presented their results in grephical
farm, the equilibrium conatant and tempersture as the ordinate and
abscissa, with the molal aversge bodling poiut as a parameter, For one
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exppoicnt, each pressuie wouldd be represented by a purticular praphs

As one czn rexdily sece, tie wethod used to dectermins the eguilibrium
canstents will have a proncunced effect on the accuracy of the equilibrium
calculutions.

In the cese wiere lhe sysiem consiasts of low mulesular weight
elliphetic hydrocerbons of a suell boiling range, the use of equilibrium
velues caloulated from fucecities should yleld recsonsbly accurate
resulis.



STATEMIT OF PROELEN
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Statenent of Problem

The yaurpose of this research work was to modify the Kremser equation
80 it could be used four caloulations involving the absarption or rich
gases.

As stated previcusly the Kremser equation is based on two siwplifying
agssuptions. Because of these assumptions the method is only spproximete,
at best, vhen the feed gos is rich, 1.e., wvhen it omtains relatively
large amounts of the butanes, pentanes and haxanes,

The method by which modification of the Kremsor squatiou was arde
is: (1) sclve & series of problems by weans of rigorcus plate to plate
caloulations, (2) by correlation of the results, determine a modification
factor for the Kremsar equation.

Because af the large and varied mmber of camputations mads in the
present study, the modified Kremser equation should yiald results very
close to that cbtained by rigorous methods. Scwe 504 abscrption problens
covering the range of temperatures, pressures, foed caupositicns, liquid
rates, and nuber of theoretical plates normally encountered in industxy
vere used for these acrrelations.



DERIVATICH OF BQUATIONS
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Derdmtion of Equations

Uning previously outlined nomenclature, the Kremser equaticn
and the equations by vhich the rigorous soluticns sre calculated
will be derived.

Erenser BquationS

As stated previcusly, the Kremser algebraic method involves two
simplifying essumptions. Heat effects are neglected, and the liquid
10 gas retio is sssumed constant throughout the tower.

The Kremser equation may de developed, for cne caponsnt of &
multicompanent system, in the following msaner (see Figure 3)e By
8 material balance sround any plate, n, in an sbsorber, it fallows
that

L(Z3 © Xpa1) = G(¥p = ) ()
vhere L sand G are the 1iquid and vapor rates respectively, Xy is the
salute concentration in the 1iquid on the & th plate, and Xy is the
solute concentration in the wvapor ca the 4 th plate.

From the equiliteius relation Yp » KX, whare K is dafined as
the equilitrium constent, ¥,/X and Y,,1/K ey be substituted for X,
amd X1 in equation (1) for & thearetical plate. This gives:

—5r (fn = Toud) = Yo = Ta (12)
The factor L/K0 18 referred to as the absorption factor and is
dencted by the mysbol A, 1.e., A = L/Ki.
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MATERIAL BALANCE DIAGRAM
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Bquation (12) becomes:
Yo = -!EI—'K-L—“: Yol (13)

For the top plate K of an absarbex:

Yg=Yg = Yn-lfff‘ml (%)

mmummmumdtbmuhichhmﬂcﬂtoh

in equilibrium with the liquid entering the top plate of the sbscxber.
For the next two plates below the top plate, respectively:

e« n2*AY,
In -!n- "'A!n-l (].6’
2 +A

Coubining equations (14) end (15), and eliminating Yy
AR Yp-p(a%-1) + A2 (A)) KXgoy

P (a7)
Caubining equations (16) and (17) and eliudnating Y3
Yoge T WD)+ 8 (1) o,y (29)
Atel
Equation (17) may be writtans
Y- Y,y (A-1) ¢ A (A<d) KXy 5 (19)

A%
Ry analogy with equations 17, 18, and 19, at the dottom of the

towers

R e

Iy & mterial balance around the entire ooluam:
LX) = Xga2) = 6(Y, = Yy) (@)
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Roarranging:

Xy = LYo = ¥y) ¢ Xy (212)
Bubstituting L/KG = A:
) = Yo = Yy) + KX,y (=)

Equtdng equations (20) wud (01) aud salving for (T = Yy)i

el
(X, = Xy) = (¥, - KXpy) 'i'o"d",',"%‘ » &

T, » Iy e a

Yo~ Mgy  Tog (=)
Equation (22) s the Kremsar squations (Y, = ) is the actual chenge
in vepar copositicn, and (¥, » KXy,3) is the maximm possible chenge iu
vapor compositicn.

If the concentrution of tle salute in tie entering sbsorber liquid

is negligible, then KXy,) = 0, and the left side of equation (22) beocwes
the fraction abscrbed for & particular component.

Pquations for Plate to Plate Calculstiona
T first prevequisite of a system of equations for a rigorous

saluticn is that they wust be suitadle for an iterative caloulation
procedure to be carried out by means of & high spesd alectrenic computer.
Esch sdscxption problenm invalves N(23) equations and unknowns,
viere N is the mmber of plates in the colum and M is the mmber of
coponents in the system. For a thirty plate calum and a eight

corponent system, E(243) equals 570 equations axd wninowns, 8inoe
thase equations are nm~lincar, s mtrix cannct be used to salve the

aysien; even if they were linear, the muber of equations greatly
exceeds the capacity of the computers Therefore the process must be
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iterative, requiring only tover gperwuting data.

When the tower operating conditions, such as pressure, maximm
allowvable tower temperaturs, feed composition, tusder of plates, and
teperature of the entering streans are specified, no further engle
neering juignent is required, regardless of the mmber of trial and
error caleulations or cooler plates required.

Material Palance3
Using the same nomenclature as defore, the material belance mey
be developed as follows (see Figure 3):
By édefinition:
Ky * Yo/fX, and Ay @ Io/K, G,
there InXg ®In On yn *AnTn (23)
& K

Equation 23 states that the amount of a component in the liquid
on the nth plate is equal t0 AyYn.
From & mterial balanne arcmd the nth plate for one ecmponent:
Yot * Ina %o = Yo *
5inoe Ly x3 = AqY3s
Tnad * Anad¥ried @ Tn ¢ AnYp (2v)
From & material balance aromd the bottom of the oolumn for one
camponent s
Totlpaolnxy + Y53 or
Yot ATy =MNy ¢y (25)
From a mterial balance around the top of the colimm for cne
capanent
Lathxa s "Xty »or
Latiatsa At + Y (26)
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It is pecessary to use all three equations (2%, 25 and 26) in the
abscrber tray calculations et variocus times geven though they are equivalent
equations., This is necessary in the interest of accwracy, 1.e., vhen
very small eoncentrations of a given companent are used to calculate a
much larger concentration on ancther plate, large cumlative errors
are involved, This condition 13 eliminated by switching to another
equation. A simpls rule will de given later stating just vhen to use
each equation.

Bach of the above sets of mterial dalances forus & system of N
equations containing K uninowns 1f the campositions of the inpus streams
are known.

The systen of equations derived from the mterial belance arownd
the n*th plate (Equation 24) is as follows:

Yo+ A¥2 =11 (en) = O
T+ MY3 e Tp (I4a) = 0
Yo+ AT, o Y3 (eag) w0
Ty * ATl = Ta Qeag) = ©

By 4ividing the first equation by (l+A;) and adding the seocnd,

Y] is eliminated and the resulting equations are:

_u%J_+A3t3-¥g (or) - m‘%:r) «0, and (27)

Yo+ AT, =13 (ag) =m0
M,Ewhdiﬁmhdhﬂﬂdingmﬁm(ﬂ)by
o M
s+ a TATJ and adding the third equetion. If a segquence

of mubers are defined as follows:
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bl'l*Al
by @1 - A2
eetthec 5

®- ® 5 B oW o owN

L R
then elimination of ¥j, Y5, e==, Yy results in the following equations:

Y
13’3"30"1’5-1 + ApaYhel o Yog = 0, or

'In - Xo ¢ ARa1YReL (28)
For the case where Ay,iYy,1 = O, (the entering liquid is sclute
free), Equation (29) becomess

bbby ey

This equation will be used to calculate the composition of the
effluent vapor.

After Ty has boen determined, the Y,'s can be found by a sequence
of caloulations using the system of equations derived from a materisl
balance around ssch plate. However, the caloulations are simpler
if the equation from a materisl dalance around the top or bottom of
the sbsarber is used,

The systen of equaticns derived from a material balance, around
the bottom of the calum (Equation £5) ares

Lehh ¢A T =0
Yoo TiAy +A3Y3 - Y= 0
Yo=NiA + 43y« Y3 =0

Yo = Ty ¢ AT = Ty = O
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Woon ApqTyyy = 0, Ig & ¥ « Y34y, then the equations may de
written as follows:

:1 - !0 ‘ !l (Bﬂ A)
M

ne o
!3. Ya'fg

- o % o 0oawe

1'3.;'...!2:?.;.!!. s or for any plate, n:
A

Yae Tol oty
A

For components for which the A's are mmll and Y, is caly slightly
larger then Yy this system of squaticns is not practical and the equation
derived from & material belance around the top of the oclum is preferable.

The system of equations derived from a mterial balance around
the top of the column (Bquation 26) ares

Y1 = T * Aga¥ea ¢ MYy
Te2 * Ty * Apa¥za * Apa¥na
Tr3 * Ty * Ay ¢ Apo¥ne2
L oYy hpatna * A%
When Ay, Yy ® O, these equaticns decomes
Tya * Ig ¢+ ATy (set B)
Tng = Ty ¢ AgaT5a
Ty-3 = Yn ¢ Ay o2

. SO ® OO o

I =Yg+ Ao
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Cr for axy plate n
Yoo Iy + Ao
Por components for v’aichl‘uismy swell Dgwtion Set B 18 not
practical and Eqution Set A will be ussd.

Feat Balance

With reference to s datum teperature 7°, & heat dalance will de
farmed, around the n'th plate. Prom this beat balance the teuperature
on the (n+l)*th plate will be caloulated, First the terms euthalpy
end hoet of eondensation will de defined.

Enthalpy is & relative funoction, and is defined as the total heat
contont of & systenm, with reference to a particular datus tewperatare.
The enthalyy at the detum temperature is 4sfined to de mexo.

The heat of oondsnsation of & stistance at a particular temperature
is equal to tho difference in the enthalpies of vapor and ligquid at
this tecperature.

Sybolically, the enthelyy of the vepor will be dencted as K,
the entbalpy of tie liquid as by, and the best of vaparization as A,
viere the subecript n moens that these functions are evalunted at the
temparature on the n'th plate.

The heat eatering the n'ta plate is given by tie following equation
(see Finwe L)

(Taed = T°) Lopy, + (% = ¥g) Bppg * LBy ¢ (R =~ %) &%
The £irst term denotes heat scntent of the sbhsarber liguid stream, the
second term danotes beat coutent of the aebscrbed companents froa the
(n+1)'th plate, the third terw dsnctes heat content of the vepor stresn
from the (n-1)'th plate, and the fourth term denctes heat entering due
to oondensation of vapars cu the a*th plate.
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HEAT BALANCE DIAGRAM

l

LN+ Cp(Thei = Tp)
+(Y\n-Yn)hng T

Yan

l

Yh-1 Bt

PLATE N+l

PLATE n

PLATE h-l

HEAT ENTERING PLATE nh DUE TO
GCONDENSATION =(Yn.) = YR)O8Hp

FIGURE 4
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Ecat leaving the n'th plate is given by:
(T = T*)i0py, 4 (Yp = Yg) By + Ty
where the three terms dencte heat ecntent of the streams leaving the
n'th plate.
der steady state conditions heat emtering the n'th plate muet
be equal to heat leeving. Hence the above two equations can be equated
elving:
(Toq = T°) 1051, + (Yg = ¥y) bpyg + YpaTyy + (Yo = L) &%,
o (Zg = T°)0py, + (G » %) by + XB, (30)
By rearranging, Equatica (30) becomes:
Tog® T 4 ( (T = TNCp ¢ Tughy = Yy + TE, = Yy
+ Yoo = Yoalload = mwnmu)/wu
Collecting the Y3 terme:
Tl @ T° ¢ ( (Ty = T°)i0pyg, ¢ ¥ lby « By = ABy)
+ Tn(Hy = By ¢ &%) + Ylhngy = By) ) /20py,
Since AHe Heh
Tad = T ¢ ((Ty « T*N0py, ¢ Xpu (2 = By = By)
$ T (2 = g = By) ¢ g (= By) ) fipy (1)
This heat balance is used to caloulate the texparature on each
Plate as follovs: The temperature on the bottom plate is specified by
the weximum allowable tover temperature. The texperature o the rest
of the plates fros the seccnd to the (¥+1)*th plate, ere calculated by
the folloving systen of equations, written by analogy with Equatiom (31):
Tae e (D ~T )y (o ~E -R) (get C)
+ (2% - Bg = By) ¢ Yylhg = by)) Jucpy

L B B B BRI B B I B B N RE R N YRR A B N
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Ta @ T° + ([0 = Tollpy, ¢ Yo (g = By « Ky)
+ Yy (g = byyy = by) + Yyltgyy = By) ) Aopy,

The ealculated terperature Tpp,y wust equel the actual temperature
of the licuid strean entering the top plate of the oolum.

If efter the first trizl these temperstures do not egree, the
essuned texperuture, Ty, wust bo adjusted and ccloulations repeated.
A deteilsd outling of calculation procedre is given in the next
section.



DETAILED CUITINE OF CALCULATICN FROCEIXEE
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Dotallod Outline ¢f Calctlotion Presetkre

The following secticn indicates the tower cperating eonditions
required and the step by step calculation procedwre explayed in salving
ebascxrption problems by the Kremser method and by the trial and error
methods

Kremser Method

To solve the absorpilon problens dy the Kremser method the
following tower operating emnditions have been easumed:

(1) tower cpereting temperature,

(2) tover cpereting presmure,

(3) copositim and rate of feed ges,

(%) edscrber liquid rate, and

(5) muber of thecretical plates.

In addition to the above informetion, the equilibrium waluea for
each component at the tower operating temperature and pressure are
required.

As & mtter of convenience equilibrium values are correlated, far
each cxponent s & function of terperature and at a particular pressure,
by & third degree polynowial.

The calculation procedure is as follows:

(s) calowlate equilibrium values for eech couponent st the towver

opersting tempercture and pressure by: K= & ¢ bT + 12 + a3,
Constants &, b, ¢, and 4 vary vith the tower pressure.
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(5) with the essused entering vepor and liquid rates, caloulate
the lquid to vapar ratio, L/G for the columm.

(c) caleumlete the aboorptiom factor, A = LY for each component
in the system,

(1) given the muber of theareticel plates (I), calculate alfd
for each eorponert in the systen.

(c) by meens of Iquatica (22)

Aml.A
A -l
calculate the fraction abscrbed (¥) for each component.,

(£) with the fraction abscrbed, the snalysis of the effluent
vapor can be caloulated in the following samer Yy e (1 « F)Y.

= FRACTION ABSQREED

Plate to Plate Caloulations

To solve the ebsorption problem by rigorous plate to plats
caloulations requires, in sddition to the specifioations stated for
the Kremser method, the following inforestion

(1) weximm allowcble towver temperature; this is specified for
each problom.

{(2) heat espacity of absorber liquid; this is a function of the
1iquid used.

(3) eaihalpy values for each camponent, both liquid and vepor,
at the tower pressure and plate tegperuture. The enthally
values are calculated in the same mammor as the egquilibriun
values, i.e., they esre énlculated at & partioular pressure
as a function of temperature, by teans of & third degree

polyncuiale
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The plate to plate caloulations are then carried out in the
following mennext

(a) as & firet estimate it is assumed tiet tle tempersture
o each plate is equal to the temperature of the entering
streams, T, = Ty » Ty, for all ne It is also assumed
that the liquid to vapor ratio om each plate is equal to
the ratio of the entering streams, Ly, /0.

(b) ealoulate K values for each oomponent ca each plate at
the plate tempermture.

(c) ealoulate absorption factors, A » L/XD for eash coupanent
on each plate,

(d) ocaloulate ® valuss for each ocmpanent, 1.00, D) m Ay +1,

bﬂ'l"‘a’%!"’bn'l*%’ An

(e) ocalculate the eomposition of the vapor lsaving the top
pPlate, Yy by means of Eqution (29), Yy ® Yo/byhoby wee by,
(£) ecalculate the composition of the vapor on each plate by
means of'
(a) Equation Set A 1f the absarption factor is
greatexr than one.
(b) Equation Bet B if the abscrption factor is
equal to or less than one.
(c) ealculate the vapcr rate cn each plate, 1.0., G » I Yy,
wvhere the subscript i, refers to the mumber of ocoponents.
(b) ecalculate tie liquid rate on esch plate, 1.0., Ly ® Lyy

'.'GanC'Gno






(1)

6))

(k)

(1)

(m)

(=)

(c)
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calculate & new liquid to vapor ratio, L/G for each plate
from steps (g) and (n).

compare the new values of L/3 vith tl.e values assumed in
step (a).

If these values do not agree repeat the calculation
procedure starting at step (b) using the new L/G velues
as the estimate. This procedure is repeated until two
consecutive iterations yield results that agree within
limits, When this ocours, plate temperatures are
caloulated, based on the final material balance.

assume that the tempersture on the first plate, T; is
the maximm allowable tower teumperature.

calculate enthalpies for liquid and vapor at the
texparatures To, Ty, aod Tz, These tezperantures are
from the previcus iteratian, or for tha firat iteration,
the initinlly assumed temperatures,

calculate the temperatwre on the secand plate and on
eéach succeeding plate, by means of Equation Set C.

when the terperature on any plate reaches the maximm
alloweble tower temperature, s cooler plate is required,
and the calculations are continued from this point,

the last temperature calculated, Ty, must equal the
actusl temperature of the entering liquid stream. If
this does not occur, the temperature of the last coaler
DPlate must be increased or decreased, depending on whether
the temperature, Ty, is balow or sbove the actual 1iquid
temperature.
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() compare this set of taiperatures with tls temperatures
of the last iteration. If they do not agree withia limits,
the complete procedure must be repested, starting st
step (b), using the last calculated temperatures and liquid
to vapor ratios as the estimmte.

(o) when the temperatures of two consecutive iterations couverge,
the iterative process is corplete and the waterial and
heat dalances are carrect.
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High Speed Electronis Cosputers

In the pest few yoars the electronis eomputer hLas developed from
& research tool to & practical industrial toole. Because of the high
spoed computer long trial and error problems, cuce imprectical es
design wmethods, have now becoms feasible.

Gbvioualy, to sttenpt to caloulate 50i absorption problems by
hand would be impossible, since the aversge problem would require
spproximately 100 hours of computation to reach a solutione Hence
the only practical method of attempting the salution of such & large
nuber of prodlens wes by weans of a high speed ocomputer.

Conputer Operution®

Basically a computer can perform seven cpersticns; addition,
subtrection, multiplication, division, and determine whether one
muber is greater than, equal to, or less than another maber.

The ocomputer used for this research work was the Michigan State
Intezral Computer, better known ss the MISTIC,

The language ¢f the MISTIC is the binary mmber systems The vee
of this mmber systen is essential for doth speed and eoccnomy. Ry
analozy with the decimal muber system, which has as its dase the
mmber ten, the binary mmber system has ss its bass the mmber two.
By this system any number can be represented by s coubination of the
digits sero and cne. Cbvicusly, the use of ths dinary muber system
reduces the ocoaplexity of the computer and greatly increases operation
speed. The MISTIC like most computers, consists of five sections:
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imput, wemory or storage, aritimetic, control, and output.

Irputs

The input section of the MISTIC is on eleciro-magnetis reader
for translating information presented to it into the language of
electrical impulses socepted by the somputer. At present, infore
mation can be fed to the MISTIC by either pexrforeted tape or punched
caxda.

The tape resder operates cn the following principle: a bright
light is allowed to shine above the tape; if there is a hole in the
tape the light shines through to a light sensitive surface. The
canfiguretion of spots of light corresponding to the holes in cne
line across the tape is then trenslated into electriocal pulses whioh
are equivelent to the muber represented by the charester,

Etorac~e or Memory

Storegs or menmory is that part of the eoputer which holds
information for a pericd of time, to be used by othsr parts of the
computers The MIITIC memory is composed of 40 cathode ray tudes,
simllar iu appearance to telsvision picture tubes. Ou the face of
cach tube 13 & syuare grid of 1024 points. Bach point represents
cne digit (or binary bit) of & mmber in each memory positicme Henca,
the corputer is capeble of holding 1024 binary mumbers, each k0 digits
lonz. Yorty binery digits correspond to sbout twelve dacimal dizits.

The mubers storsd in moncry @Ay possess several meanings, rouchly
categorized as numbers that represent mumber and nuubers that represent
non-numerical) informetion such as orders. An outling of coding
procedure is givem in the next sectlon.
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Aritimetic

The arithmetic section of the caputer is that part in vhich
addition, substrection, mltiplication, division, and certain logical
operetions are psrformed. Essentially this section consists of the
accumulator register and the quotient register. Addition, subtraction,
and division teke place in the acowmlator with the result being left
in the acoumulator for addition and subtraction, and in the quotient
register for division. Miltiplication takes place in tha quotient
register, with the results deing left in the scourmlator.

Control

The euntire computer must be given explicit instructions as to
how to perform, and the control section is that part of the computer
vhich must accept, interpret, and execute these directicus. The
directions that the contral section executes are called cxders, and
& callectlion of crders (called a program) is stored in the memory.
Ro specizsl place in memory 1s reserved for oarders, so the omly
distisction made between orders and data is relative poaition, known
to the programmer. [Hovrever, when contral knows vhare the firet of
& set of orders is located, control will acquire and execute each
order from succesalve locaticns.

oty

thea the eantral sectlon has executed a mumber of crders vhich
caused, for exarmle, imput, starage, and the execution of orders, it
mey bo desired to send some of the infarmatlioa ot of the cawgputer.
The section which tronslates f£rom the machine lansuoce of electrical
pulses represcnting binary dizits to some mechanicel medimm is called
the cutput section. This cutput can be printed on paper, or the
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choracters can be punched on papar tape, which in twrn can be printed
at a later tims. The panch has by fur the fastast rate, operating
at sixty characters per cccond, while the priator opsrates at ten

characters per second.

Colins Procedire

The procedure £or coding a problem for MISTIC can best be
Nlustrated by discussing the program sactually used for thes absorption
problens. IMrst, however, the basic orders will be given.

7}
VI

B

5 & d

YD POINE ORDERS

CESRATION

Transfer contenta of location
n to A (Acormlatar register)

Transfer contents of location
n to § (Quotient register)

Ald contents of n to A
Subtrzct contents of n from A
Ritiply Q by contents of 8
Divide A by contonts of n
Transfer contents of A ton
Tronsfor contents of Q to A

Transfer control to right oxder
Joocation n

Transfer control to left oxder
locetion n

If contents of A = 0, transfor
econtral to right oxder location n

If contents of A ¥ 0, transfar
contral to left order locatican
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Cf course these gre bul a few of the orders in the MISTIC
repartoire) hovever, they are the most frequently used orders.

Since the MISTIC is a fracticnal computer, ell nurbers put in
as data end all results must be greater then minus one but less then
plus one. Obviocusly, this ypresents a difficult scaling problem both

i3 data input and in aritimetioc.

To avoid this scaling prodbles &

standard library routine called "floating point” (designated A-l) is

used. With this routine, scaling is autcmmticelly teken care of and

data can be put in as & decimal muber and s pover of ten exponent,
¥hoa employing A«l a different type or ordsr system 1s used,

czlled floating point programuing.

A flosting acoumulator is used

in place of the A and Q rezisters, and is specified by location three.
Below is a list of the most commonly used floating polnt cxders.

;

T EIRFTE & BB 8

[~]

FLOATTX POINT ORDERS

QPERATIOR

Substract contents of n from
contents of ¥ (floating register)

Transfar the negative of n to ¥

Transfer control to the wight hand
order inn 1L P30

Tranafer control to ths Jaft hand
oxder inn L P SO0

Minto?

Transfer n to ¥

Divide P by n

Multiply F by n

Read in ons word from data tape

Print ons word from menory
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n Replace Fbyn £ 0 = n 200
(iateger)
n Transfer ¥ ton

Subtract absolute value of n
from the absolute valus of ¥

n Trensfer control to fixed point
order « left side

R & 82 8 =
-

n Set W to print a block of mubers
baving n calwmns _

If the first function digit of a floating polint arder 1s 0, 1,
o= , T 1% refers {0 one of s set of control recisters or beregisters
in the floating declmal routine which are siuilarly mwbered. These
mobears are used for counting the mmber of passages through loope
or cycles and far increcsing addresses on successive pessages. Yor
tils pwrpose & particular b= recister vhich may be used in a partio-
uler cycls contalns two comting indices g, and o,e These axe both
integers in the range O %o 1023, The index ¢ 1s used for eowmting
parposes to detexmine the mxber of passages through a loop. The
index gy 48 used for sdvancing eddresses of floating arithmetic orders.
Although the address is not actually altered in memory, the order is
cbeyed as 1f g, 18 addsd to its sddress. The index g, is adwanced
by one upon each passage through the eycls er locp. The muliiplisity
of be yegisters allows ane to progmas meny loops wvithin loaps.

The arders used for looping are the same as previowly given
vith the 8 replaced by b = 0, 1, e, 7. For example, the addition
order would be ® & n. The crdar for setting up & loop would de
% K n, vhich instructs the eamputer to repest a set of orders n times.



Diration of Floatine Point C-Jors

5 milliscconds
2 milliseconds
3 milliseconds

5 silliseconds
6 williseccnds
3 uilliseconds
3 milliseconds
3 milliseconda
2 millisecconds
3 milliseconds
vhen b ¢ 8 add cue millisecond to the ebove times.

E BRI BRKRI IV SR PBE
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Absorption Procran

As stated previously, the equilibrium constants and enthalpy
values are calculated by means of third degree polynouials. Since
the nested form ia emplayed for these polyncuials, the constants
8, b, ¢, and 4 must be placed in reverse ardsr: 4, ¢, b, snd a.
These constants determine the tower cgperating pressure.

The muber of plates in the tover is dsterumined by three maders,
called paramoters. These will be &iscussed when the program is
presented.

Below 13 an cutline cf the progran and answer storege, followed

by the program.
PROGRAM CUTLINE
Location Contents
E Specifies Floeting Accumilator
Specifies A-l Routine
5 Specifies K Routine
6 Specifies h Routine
T Flate Parameters
8 Plate Paramsters
9 Plate Parametera
10-26 Terporary Storage
27-28 Floating Accumlator
29-196 A=l Routine
197-238 K Routine
239-312 R Routine
7475 Progran
5451002 Results
1003-1023 Data
Llocation Contents
5T7-606 Yapar Rate
607-638 Texperature ~ Preaent Iteratim
639=-669 Temperature « Previcus Iteration
670-699 Liquid to Vapar Ratlo

TO0=T47 Eathalpy Values
T43=T5h Counters



PROGRAM

00 3K Directive « specific locatimn of

following crders

ooF 0027 F Specifies locatimm of floating

sccumulator

00F 0029 ¥ Specifies location of A-l routine
00F 00 197 ¥ Specifies location of K subroutine
00P 00 239 2 Specifies location of h subroutine
OOF 00 XF Grders 7, 8 and 9 parameters which
OOF 00 P determine the nusber of plates®

:

S2F2FRSBBIRER
sc\t-' A L] g_!“ﬁ‘
FgEgEERE™S

® The paraneters are as faollows:
X = 484 4 nurber of plates
Y » Bumber of plates minus two
2 = 5% ¢ (8) number of plates
for a twenty plate colums
X = 504

Y=18
Zw»67h

Directive
Btandard emtry to A-d routine

Set to read 21 words of data
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05 18557

Directive

Btore constants for calculation

of b's and by

Calculste X, A, D
Transfer eontral to K routine

Calculate L/KG = A

Caloula A
te by = Aj+l o M
R e g

Caloulate !ni

Calculate ¥, by Equaticn Set A

50
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Oalmﬂato!nibyzqmtim&tB
see if A
!n,_'in
Caloulate Ip and Gy

[
4%, » 88800 B X Bali i e, 285, 30uks, 5, 880
NN E8338I 403 ESYEN8RANYSEEl3E83828YNE3aQ

7770.
Ag883
83383
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Compare L/G with last iterstion

(A%
v38d
8858

=
&

22
38



&3 7"‘
03 1555
0L 17022P
03 &L
85 10229
& TiaF

85 10129
&) (%9

8;.) 7"»0?
&3 our
83 ow
83 53¢
Ox 2.3
Xr

)A& r

a1 F
3K 5F

>
3 \J1
TSRO

BREYNEBREE
-3 (2319}
nggai

&
&)

52

If 1/G do not converge, repeat
iteration

I? L/G converze, proceed to temperature
calculations

Trangfer cantral to h routine

Calculate temperatire on each plate
by Equation Set C



&3
s -515‘ HH!‘\
HEg RER

3
L1

P

L

i

5
By

BIRIFMRESRRIRSEEBER
SHENNN NG

53

Check whether T, is maximm allowable
tover terperature

Check whether Ty .y equals actual
liquid temperature, 4f not adjust,
1f 1t does proceed to temperature
eanvergence check
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Print mmber of iterations required

!
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i
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2
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28
B3

26 oo

20 9971
20 10y

8 coustants for each corponent

2 313w

The data format is as fallows:

1y = somponent a
Iy « coponent d
Yo = coxponent ¢
Yo = component 4
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¥y = copament e

Yy = comonent £

1y = component g

Yy = component h

T;341 = entering liquid temeratwre

Th = maximm allowable tower terperature
T, = entering gas teiperaturs

Lyd/Gq

Go

Lisa

I5+1Cpp, = total hoat capacity of absorber liquid
+1 +%0 « constant

+1 +01 « constant

+5 <02 » omstant

+25 400 « constant

hudber of Plates » 0.9

Huober of Flates + 0.1

For exaxple, s twenty plate column operating at 100°F, with a
mximm 10°F rise, & 1iquid rete of 20 moles per Lhour, & gas rate
of 100 moles per hour, and & heat cepacity of 9% BIU/mal-"F, the
data would de as follows:

+ 02
7 «01
9 + QA
i7 « Q1
3 +01
135 + QL
V.51
6
1l
kb §

+
3

L 2K 2K 3K 2K b 2 2% 2R 2
*+ 4+
888e
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The results of the S04 absorption problems sre given in the

Appendix. The range of the problems is as follows:
PRESSURES: Ab.T PSIA, 50 PSIA, 100 PSIA, and 500 PSIA.

TEMPERATURES 75.” m, J.W‘l', lﬂm‘)‘

THECRNTICAL PLATESS

5 1.0, end 20,

LIQND » GAS RATIOS: 001’ 0.2, 0.5, 0.8, 100; 105, and R.0.
FEED COMPOSITIONS: listed as A, B, C, D, 2, and ¥ (analyses

given in Table 2).

TABLE 2
Yoed Coaupositions
Analyals - Mole rercent

mo .} v E:A “E !

60.00 6 +00 . . +«00 .
99 8% B2 9B %R %8
%}18 io. a1 809‘ 7.76 5.50 3076 1.00
1-0hnm 3016 2 87 2037 1070 1036 1005
Mhﬂlo 60 5053 k' 301‘0 8.32 0075
1-Cs5ifg oh 2 1.§ S
n-C;:,X 2.73 gogg 2. 1.45 [+ 0.31
n-C:: 1.13 0. 0.4 Q.60 0.51 0.13

Problems were solved using all possidle corbinations of variables
The system used was as follows: at & particular
1iquid to vapor ratio, problems were salved for all six foeds at 75°F
and 4.7 PSIA, 90°F and 50 PSIA, 100°F and 100 PSIA, and 110°F and 500
PSIAe mmmmmwfwmhn@m&tom‘um,

except tenperature.
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then all of ths adbove problens were repeated for each mmber of
thecretical plates, thus giving results over a wids range for all
varisbles.

For each problen the following date wes cbtalned; amlysis
far each couponent on each plate, tempersture, liquid rate and gas
rate on each plate, and mmber and location of coolers.

Since space prevents this great amount of daia being listed
in this thesis, only the effluent gas analysis is shown in the
Appemdix. The complete date are £iled in the Chamical Engineering
Computer Library, Michigzan State University.



CORRELATION OF RESULTS
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Cozrrelation Results

Analysis of results given in the Appendix shows that approximately
60 peroent of all abeczrption occurs ou the two top and two bottom
plates.

Most of the abscrption of the less volatils components (butanes,
peutanes, hexanss) takes place ou the bottom two plates, while most
of the absorption of the more valatile eomponents (wethane, sthane,
yropane) takes place on the top two plates. This is logical since
the vapor at the top of the abacxber scutacts fresh, unsaturated
1iquid, while the vepor entering the bottom of the colum comtacts
& 1iquid vhich bas Just absrbed the less wolatile ococmponsnts tine
increasing its absorbing eapacity.

From this analysis 1t sppeared that a correlation might be
mads relating the smount of absarption on the top two plates to
the anount of absorption en the botiom two plates. If this oould
be done the Kremser equation eculd be spplied to the middle sestion
of the calum. Beveral atteapts in this direction, however, failed
10 yiald the desired results..

Therefore it was decided to attespt to find an effective
absarpticn fastor which would ellow ¢ne to use the Krexwmer equaticm
and still obtain accureate results.

Since the amount of abscrption is & fiunction of the liquid to
gas ratio, teamperature, pressmure and the percentage of sbsorbable
components (less volatile corpousnts), and effective absarption
factor should be & function of these variables.
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Such an effective absaxption factor was fomd eand it did prove
to be a functim of the four variadbles given sbove.
The effective absarption factar, A,, has the following form:

Agw Imarte =T
kp (Gy = 6 >Yp)

wiere £Y, 43 the sum of the percentages of ths less volatile
corponents (butanss, pentanes, hexane) in the feed, hereafter dafined
as the percent abscrbables, and Ky is the equilibrium constant
evelueted et the maximm tover temperatures The correction fastor
¢ 1s a function of the liquid to gas ratio, the pressure and the
percant absorbables,

For the problems presentod the percent absaxrdables is the sus
of the percentages of the butanes, pentanes, and Laxanes in the
feed gose This function will be directly related to the feed and
type of sbecrpticn. As a case in point consider the abscrptiocn of
otiglene from & feed of methana, ethane, ethylene, and propanes
very likely the percent absorbables would be the percent of ethylens
in the feed. JYor cases wvhere the liquid rate and pressure are high,
propons should also be considered an absorbeble component.

The carrectim factor ¢ vas dsteruined by trisl and error, using
the computers Variocus values of ¢ ware tried and the snswers cbtained
by the modified Kremser method were coupared with the answers cdtained
by plate to plate calculationse. It became agpareut that ¢ followed
a definite pattern, and was a function of the pressure liquid « gas
ratio, and percent abscrbables, but was not & functim of tezperanture
or the number of thearetical plates in the absarder.
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Fizares 5-8 ere plots of correction factor ¢ versus the pere
cent ebaorbables, 2 Y, with liquid to gas ratio as peramster. Emch
graph represeats a partlicular pressure.

The paremstars pressure and liquid to gas ratio were oombined
80 a8 to permit all correction factars to be repreacnted on one
graphs. Flgure 9 is & plot of percent abscrbebles versus earrection
factor with the product liquid to gas ratio tices presmue, in
atoospheres, as paramcter.

The effective absarpiion factor, once dsterwmined cun de
stbstituted directly intoc the Kremser equation,



101 0.02 0.03 0.04 0,06 _0.0801 02 0.3 0.4 0.6 :08 l
" PRESSURE=14.7-pSiA
e 3. 5 :
30 ; ;

-3 ¥, PERCENT ABSORBABLES

g
o
8l -
1
'« 8
-5
4
—3|
" WUSE UPPER ABSCISSATT LT it
| 1 1 Ko p ] el i | . | } | | 1
3 | ! i R S e
1L R 0 O M | R
@ 03 04 - 05 08 10 30 30 40 ° 60 80°1

CORRECTION FACTOR-C

FIGURE 5




67

S ¥4 *PERCENT ABSORBABLES

SO

w
Q

8

 PRESSURE=50-PSIA '

03 04 ° CG6 #89 1o 20

CORRECTION FACTOR-C

FIGURE €




68

PRESSURE =100 PSIA

30

B 50 a [
B Soor~ o

s3naveyosav kzw¢¢um MK

L3

o2

CORRECTION FACTOR ~-¢C

FIGURE 7



69

7 0:8° 10

06

3 —s 5% Kk o e
14 B = Tt | !
§378vENO0SAY LNIONId s |

1]

i i ' S | 1 H I 1 1

CORRECTION FACTOR=-C

FIGURE 8



. SY,= PERCENT ABSORBABLES

‘6 3¥NOII

3-4019V4 NOJLO3MNOD o9

L

o0 6 ¢

oo

oz

og|

8 3

01 80 90 0 €0 20 10 8O0 900 . ¥00 £00 200

o089
ong
0T
212
oLl
97l

Sk 5 v ¢
LR
el
ve
222

N
o1
80 -

890
S0
veo
20
WLV 170
®/d 3AEND

- x 42z oagax®

© T -
[

g
S3

<mo.nmu:.
3
|

241U Z

: |

18 vayosav 1N3dY

= 1 Bl







T2

Conclusions

Comparison of the results obtained by the thres wethods, plate
to plate calculations, Xremser method, and the modified Kremser
method, showed that the modified Kremssr method gave bdettar results
than the Kremser method in 90 peroent of the ceses. The studies
in vhich the Kremser method gave a better result than the modified
Krensar cocurred where conditicns approsched the sssumptions en
wvhich the Kremser equation is based: low liquid rete, lean fesd
gas, and low presswre. In all of these cases, both wethods gave
good results.

The maxism error in the modified Krewser method, with respect
to total moles absorbed, wvas 19.8 peroeunt.

However, the problem which gave maximm daviation, and other
problens which shov & high deviation, were those in vhich the total
ebsorption vas smell, 1.6., lov liquid rate, lov pressure, lesan feed.
In most of these cases the corponent analysis were frequently acourate
to the second deciml place.

In some cases the individual snalyses were inaccurate at the
first or second decimal place, bowever, the percent deviatiom was
often smaller than 0.5 percent with respect to total absaxption.
The cases vhere this condition occuwrred wars at high pressures and
1iquid rates, vhere the total abscrpticn is high.

In the middle range, vhere the pressures end liquid rates are
close to those normelly encoumtered, the modified Kremsar method
yialds very good results. In this ares the deviation ranges from



s ninimm of 0.025 percent to sppraximately 6.0 percent.
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Bomenclature

1iquid rate, mole/hr.

gas rate, mole/hr,

mole fraction of & cogponent in liquid,.
nole fraction of a corponent in gas.
equilibrium constant, y/x.

oequilibriun constant evaluated at the maximmg tower temperature.

fugaclity,

sbsarption factor, L/XD.

effective sbsarption factor, (lgg + ¢ X,/0, = o= X, )/K .

enount of & capment in gos (Gy), mole/br.

smount of & corponent in Mquid (Ix), wole/hr.

tecpereture, °F.

datua temperaturs, °¥.

heet capacity of sbaarber liquid, BIU/mals/*F.

enthalpy of 1iquid, BTU/mole. ’

enthalpy of gas, BIU/ucles

beat of condensatiocn, BIU/male.

percent abscrbables (sum of parcentages of less volatile
S » usually highest boiling half) in the feed

correction factor for effective ebsarption factor, function
of presmure, liquid-gas ratio and percent absorbebles.

fraction absorbed.
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Subscripts

1, 8, 3, »», B = plate muber in absorder, counting from botton
W (# = top plate in absorber).

o denctes streans entering bottom of tower.
B+l dsanotes streams enterinrg top of tower.
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TAHLE V (continued)
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