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PREFACE

A short-cut absorber calculation method, the MORE method, has been
deVeloped which incorporates heat balances aﬁd the theoretical tray
concept. Results from the MORE method were compared with results of
Kremser-Brown, Edmister, and Hull-Raymond short-cut methods. Rigorous
tray-by-tray solutions were provided by the Sujata calculation method.
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Brown and Edmister short-cut methods;
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CHAPTER I
INTRODUCTION

"Absorption is essentially a vapor pressure phenomenon. The driv-
ing force is the difference between the partial pressure of a constit-
uvent in the gas and the vapor pressure due to the portion absorbed in
the liquid." These were the words of Alois Kremser (8) that started
the theoretical analysis of the absorption process in 1930. Since then,
many useful and helpful additions have been made in the solution of .
‘absorption problems.

Thé design or evaluation of an absorber represents time and capital
investment., Thus, speed and accuracy are plied against one another.

The accuracy of a solution, in turn, ié-a funotion o% the data supplied
and the method of calculation, |

Design calculations began with little data and easy to use methods.
Time brought improved equilibrium andventhalpy data and led to more
exact calculation methods. The advent of the computer made possible :
rigorous calculation methods; however, not everyone has access to a
computer and a program for such oal§ulations. The need still exists.for
é simple hand method that incorporates absorption calculations, heat
balance calculations, and a minimum number of assumptions for a broad
range of absorber operating conditions.

Such a method would find application in preliminary designs, eco-

nomic feasibility studies, initial profiles for rigorous oalculaﬁioh,'or



even final designs in the aksence of exact methods.



CHAPTER 2
BACKGROUND

Absorption is a mass transfer operation, principally occurring in
one direction. In the petroleum industry absorption describes a multi-
component separation with counter-current flow to increase concentra-
tion driving forces. A gas stream rich in heavy components is fed into
the bottom of the absorber to rise through contacting devices. It is
the in-gas, wet gas, or rich gas. ‘A sponge or absorbing oil is fed in
the top. It 1s the lean oil. The two streams pass counter-currently
and the gas stream leaving the absorber is denoted the discharge gas,

lean gas, or dry gas;.the oil leaving, the rich oil.

A. DESIGN VARIABLES

From an analysis of design variables (13) for an n tray, C compon-
ent absorber with only two feeds, a simple absorber, a designer is faced
with

2C+ 2n+ 5
degrees of freedom, i.e. variables.
A unique absorber could then be described by specifying

PRESSURE IN EACH STAGE n

HEAT LEAK IN EACH STAGE n

LEAN OIL COMPOSITION C

LEAN OIL RATE AND TEMPERATURE 2

IN-GAS COMPOSITION C

IN~GAS RATE AND TEMPERATURE 2

NUMBER- OF STAGES 1
2+ 2n+ 5




If a desired recovery of a component is specified, then that
specification replaces one in the list above, for instance, the lean
0il flow rate. DBasic absorber design methods, rigorous and ctherwise,

begin with these specifications.

X,

B. ATGEBRAIC DEVELOPMENT

In the engineering of abscrption units two basic approaches have
been developed which closely resemble the equipment from which they
were derived. First, small scale absorption equipment tends to be
packed *towers which are modeled in transfer units, each unit being an
"equivalent™ height. Such a model 1s founded in mass transfer theory.
In larger applications, the absorber is built of separate trays.
This led to the development of a stagewise treatment of absorbers.
Before delving into the history and folklore of stagewise absorber
treatment, & background of the a2lgebra and definitions will be presented.

Considering the s stage with a vapor stream entering the bottom,
a liquid stream entering the top, and a liquid and a vapor stream
leaving, then material Lalance eguation for each component is, Fig. 1,

Vigp * Lyt L o (1)

The equation sround the 1th fpay and the top of the column for a given

componens is

Vl + li = Vi+l + lO (2)
where: vy is the moles of component leaving in the dry gas
lg is the moles of component entering the lean oil,

Defining a thecretical stage to have the liquid and vapor leaving
in equilibrium, the equilibrium ratio K becomes

« — mole fraction vapor _ v/V (3)
mole fraction liquid 1/L
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where V and L are the total streams. Rearranging the equation yields

= =— = A (4)

for each component on each tray. The ratio A has become known as the
absorption factor. So the absorption factor completely defines the
absorption phenomenon, irrespective of the conditions of the process.
Rearranging the equation (1) for the top tray of an absorber
vo = vi(Ap + 1) -1, (5)
then the liquid leaving the tray 2 would be
Ly = vohy = vl(AlA2 + A2) - LAy . (6)
Using equations (2) and (4) to obtain the vapor rising to a given
tray and its equilibrium liquid alternately, the equation for the liquid
leaving tray n is
L= vl(AlA2A3.°.An+ Aphge Aot A - lO(A2...An+...+ A). (7)

n n n

Continuing the convention presented by Edmister (3) defines

TIa = ApAoAg... AL (8)
and
fA = AlAo. . Ap + AdAg. . An bt AL (9)

Using these definitions equation (7) becomes
ln= vy - 1,CA-T) - (10)
Design information usually consists of both feed streams rather
than a feed and a product stream. Applying an over-all component
balance to equation (10) yields

— 1 _TTa_ (11
V1T Vel BT Y 10E ‘zAH:I | )

where vy is the moles in the dry gas; vp4) the moles in the wet gas;

and 1, the moles in lean oil. Notice that both quantities included in

brackets vary from O to 1.0, convenient limits for calculation.



C. LITERATURE SURVEY

Solution of the mathematical model for absorber calculations
depends upon the method of evaluating the absorption factor for each
individual tray and component. Rigorous solutions for multicomponent
systems are difficult and time consuming and, without good data, unwar-
ranted. The simplest method is to assume the absorption factor is con-
stant throughout the column. A refinement of that method is to use an
"effective™ absorption factor that will give the same value as the
rigorous soiution. The most difficult method is to evaluate each
absorption factor on every tray for all components.

Significant contributions to the average absorption factor methods
were made by Kremser (8), Souders and Brown (1), and Landes and Bell
(9). The case for "effective" absorption factors has been provided by
Horton and Franklin (6), Edmister (3, 4, 5), and Hull and Raymond (7).
Horton and Franklin also have provided algebraic background for the
rigorous methods. Sujata (4) and Holland (5) have recently presented
rigorous metheds for computer solution to supplement the Lewis-Matheson

and Thiele=Geddes methods for distillation.
THE KREMSER METHOD

In 1930 Kremser (8} presented a mathematical analysis of the rela-
tions of the o0il absorption process. In order to simplify them the
assumption was made that the pressure, oil rate, gas rate, and tempera-
ture were constant throughout the absqrber. Raocult's Law was also used
in the analysis.

Kremser noted these assumptions were not fulfilled with rich gas

feed or high pressure plants and recommended theoretical application



at the top and bottom of the column to estimate probable results.
Since the problem at hand was an engineering one, engineering
units were used. Kremser defined the absorption factor
A = Gg/100 (12)
where q was the equilibrium constant x = gy and G was the oil to gas
ratio, gallons per 1000 standard cubic feet. Using the material
balance similar to that of equation (7), a constant absorption factor,

and an algebraic identity
A+l

A .“i = AN Al An2 4 A+ 1 (13)

Kremser derived equation (14) analogous to equation (11),

= A - _(LL). (14)

vl An—i-l 1 Vel + Al g Vo

where vpy] was the gasoline content entering the absorber, v, was the
vapor in equilibrium with the gasoline constituent entering in the

lean oil., The number of trays in the absorber was n.
THE SOUDERS AND BROWN MODIFICATION

Brown and Souders (1) introduced several changes to the Kremser
method. Their approach being a theoretical one brought molal flow
rates and ratios to replace the units of Kremser's derivation. The
definition of a new equilibrium ratio K was made as

K= y/x, (15)
This left the definition of the absorption factoryip its present form
= LANK . (16)

Using another algebraic manipulation

- n.
R N (17)
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Souders and Brown rearranged equation (14) to the form

Ukl ~ V1o AL (18)
Vil - Vo AL

which made it more convenient when changing the composition of the lean
oil., The left‘side of equation (18) is the ratio of the actual change
in composition of the gas to the maximum change in composition were it
in equilibrium with the lean oil.

The assumptions-of this method were substantially valid for moder-
ate pressures and lean gases, hence little absorption. Souders and
Brown recommended that with greater absorption the equilibrium values
should be evaulated at some intermediate temperature between the top
and bottom. This value combined with the oil rate at the top, L, and

the gas flow at the bottom, V, produced ultraconservative values for

design work in this range.
THE LANDES-BELL METHOD

Recently a method has been presented which incorporates the heat
balance into the method of Kremser, Souders, and Brown. Landes and
Bell (9) used the Souders and Brown method and an estimated avérage
temperature to provide a first estimate of the average absorption
factor. The top tray temperature was assumed and the dew point calcu-
lated filling the void with lean oil. A heat balance was made around
the top tray using an assumed temperature for the second tray. The
same procedure was then followed for the second tray. The assumed
temperature for thé third tray was left unchecked. An over-all heat
balance yielded the temperature of the rich oil stream. After the tem-

perature-tray profile had been plotted, the oil-vapor ratios were cal-
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culated. The L/V of the top tray had been found during the top tray
analysis. The L/V ratio for the bottom tray was calculated by assuming
equal shrinkage on all trays except the top. Using plot estimated
values for temperatures and L/V's, the absorption factor for the key
component was Calculated for each tray and graphically averaged for the
second iteration. Absorption factors for other components were found
by the ratio equilibrium values and the absorption factor of the key

component.
THE HORTON~FRANKLIN METHOD

The previously discussed methods use an average value for the
absorption factor, A, for each component. In 1940 Horton and Franklin
(6) presented two separate methods to calculate absorber performance.,
The primary method was based on evaluating the absorption factor on

each tray with temperature and vapor profiles calculated by empiricisms

“11/n
[Vl / - T (19)
Vn+Lm Vigl
and
vml '—Vi_l_l = Tn - Tj. R (20)
Vn+l -V Th = T,

These equaticns assume constant per cent absorption on each stage
and a temperature change proportional to the vapor shrinkage. The
authors acknowlédged that the predicted material balances and stage
temperatures may differ from tray-by-tray results, but thelr use gave
an over-all absorpticn efficiency which agreed closely.

Horton and Franklin's second method introduced the effective
absorption factor as the value which gave the same results as the indi-

vidual absorption factors. Considering the series expansion similar to
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equation (10), tﬁey concluded the effective absorption factor for light
components (small values of A) corresponded to the absorption factor at
a position near the bottom and for heavier components, to a position
near the middle of the tower. The following table was presented as a

guilde to the selection of effective factors.

TABLE I

LOCATION OF EFFECTIVE ABSORPTION FACTOR
VIA HORTON-FRANKLIN

ABSORPTION FACTOR i/n
0.0-0.1 1.0
0.1-0.4 0.9
0.4-1.0 0.8
1,0=4.0 0.8

Above 4.0 0.6

i = plate where L/V and temperature are evaluated by equations (19)
and (20)
n = total number of trays

THE EDMISTER METHOD

The method of evaluating an effective absorption factor presented
by Horton and Franklin was a discontinuous function and therefore
awkward to use. In 1943, Edmister (2) presented a short-cut method
based on an exact solution for a two tray absocrber. At that time

Edmister presented a material balance equation

. - n'l'l -
Vbl ~ V1o L L 1o P‘e - Al (21)
Vi P AVml Al -1

- defining Ae and A' as
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Ag = Ao = AJAD..oApn *+ ADeo.An tosot Ap (22)
Agﬂ-l -1 AlAQ_S M °A‘fl + A2o ° aAn +.0 u'l'A.n'!‘l

and

1jAe - Al AdAn, . ArAn.. Ant...+Ap . (23)

AT 1 T AtAD. L AAD. LAt . AL

From study, A, and A' were found to be essentially independent of the

number of trays and readily expressed as function of the terminal values

of the absorption factor., Solving the system for a two tray absorber,

A, end A' could be expressed as

Ao =VAL(A1+ 1) + 0,25 - 0.5 (24)

and

At = An(As + 1) . (25)

Ayt 1
In 1957 Edmister (4) published a new form of the material balance
equation to be used in computer application and presented new absorp-
|

tion factor functions as

A
vy = ﬂ-%-l(/“?“ + 1, ’w,« (26)
with
A 1 .
‘ﬁ% =“§§:;fi = fraction not recovered (27)
and
J T -
= 1 - 37477 = lean oil fraction lost. (28)

The value of dﬁ and @%\are bounded between zero and one which makes them
more convenient to use. They may be evaluated either rigorously by
individual tray absorpiion factors, or approximately by effective

absorption factors ©s defined by equation (24).
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THE HULL~-RAYMOND METHGD

Presenting the first short-cut method to incorporate heat balance
equations, Hull and Raymond (7) pointed out that the key to over-all
absorber heat balance was establishing either the discharge gas or the
rich oll temperature. In light hydrocarbon fractionators the problem
is solved by dew and bubble point calculations. 1In absorbers this pro-
cedure is complicated by the presence of components with widely varying
boiling peints. The vapor-liquid equilibzrium constant of methane
changes slightly with moderate variation in temperature. The vapor-
liquid equilibrium constant of a lean o0il may change one hundred-fold
for small témperatuie changes. A combination of these properties makes
bubble and dew point calculations difficult and very critical with res-
béct to equilibrium data. Thus terminal tray temperatures must be ob-
tained by tedious tray-by-tray heat balances or empirical correlation.

Hull and Raymond presented two methods for determining terminal
tray temperaturés° The first method, applicable to absorbers with in-
put o0il and gas weight ratio from 0.8 to 5.0, was based on ‘the lean oil
being the principal heat balance quantity in the top section of the
column. For high pressure absorbers where the oil-gas ratio may be
very small, a correlation.was developed between the in-gas and the rich
0il temperatures.

In each of the above cases, the remaining terminal temperature was
calculated from the over-all heat balance which included a term for
column heat loss to the atmosphere. The column average temperature was
correlated as 2 difference from the average of ‘the terminal temperatures

and was used in evaluating the effective absorption factor.
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The top, bottom, and averasge L/V ratios were calculated to be used
with respective temperatures. The (L/V)Btm was estimated initially as
the sum of the lean oil rate plus estimated shrinkage over the in=-gas.
This value was corrected in subsequent calculations by a multiplier
equal to 1.0 plus fractional shrinkage of propane and heavier components
per tray. The average L/V was simply the arithmetic average of the
terminal values.

Concluding that the methods of‘Horton and Franklin and of Edmister
were as good as cculd be developed from théory and still have practical
simplicity, Hull and Raymond stated the methods had the following limi-
tations: Horton and Franklin's predicted internal conditions varied
from actual conditions; their method for evaluating effective absorp-
tion factors was not continuous; and Edmister®s two tray model was "of
necessity an over-simplification.”

The authors then pfoposed a method of evaluating Ag and A', a term
they denoted A,. The effective absorption factor was in terms of the
fractional distance between the bottom and average tower conditions
while A' was in terms of the fractional disténce between the bottom
and top of the column., Using Hull and Raymond's terms in their arrange-
ment of the maierial.balance equation, the fraction absorbed, F, of each

component is
ntl
Vel V3 Ay~ A

= F = —mm———
V1 - Lo/A" Agtl - 1

The iteratiocn varizble for the calculation scheme was the total moles

(29)

absorbed.
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THE RIGOROUS METHODS

The methods discussed above have been short-cut or approximate
solutions to absorber calculations although several are capable of
exact solution. With the advent of high speed computers rigorous solu-
tions became more popular and feasible. Lewis and Matheson (10) devel-
oped a rigorous multicomponent distillation calculation scheme which
could be modified to work on absorbers. For absorbers a top product
composition was assumed and temperature and flow rates were calculated
down the column from heat and material balances around the top and the
tray in question. The initial assumption was checked by comparing it
with in-gas feed.

Thiele and Geddes (16) also developed a multicomponent distillation.
calculation method based on the ratio of the liquid stream to the top
product stream. Holland (5) adapted this method to a computer solution
for absorbers using the abscorption factor approach.

An iterative tray-by-tray method was described by Sujata (15) and
programmed for computer application by Spear (14). The Sujata method
presents no new equations, but rather applies the absorption factor
technique combired with a simultaneous solution for the variables.
Temperature and flow profiles are initially assumed. Correct flow
profiles are found for given temperature profiles. 1Individual tray
heat balances validate assumed temperature profiles or adjust them as
necessary; The major iteration variable is temperature based on heat
balance.

In 1959 Ravicz (12) presented a calculation method which eliminated

the ideal tray restriction, and the concept of an over-all column effi-



ciency. This method, utilizing the power of the computer, included
non-ideal mass transfer-calculations, enthalpy, equilibrium, and

physical correlations too tedious for hand calculations.

16



CHAPTER III
DESCRIPTION OF NEW METHOD

The stagewise absorption process can be broken into two operations,
countercurrent mixing of two immiscible flﬁids and gas absorption.

If an absorption profile can be provided, the .operation can be reduced
to countercurrent mixing with a term to correct for absorption on each
stage.

Kremser neglected the absorption operation in his calculation of
the flow model. The L/V ratio was taken as the lean o0il rate over the
in-gas rate, the most conservative approach. Acknowledging that no
rule could be devised to give the knock out and temperature on each
tray, Horton and Franklin proposed a constant per cent absorption per
tray accompanied by proportional temperature change. Landes and Bell
used the absorption on the top tray calculated by pseudo-bubble point
technique with the shrinkage for the remaining trays being equal.

The main advantage of a good absorption profile is not in predict-
ing improvéd L/V ratios throughout the column, but rather in establish~-
ing the temperature profile. Once a reasonable absorption profile is
determined, the heats of absorption can be added into straight forward
heat balances to establish temperatures.

In simple absorbers, there is strong tendency for the majority of
the knock out to occur on the ends of the column. The lighter compon-

ents that carry through the column are primarily recovered on the top

17



stage where the vapors are in equilibrium with denuded oil. The
heavier components arve absorbed in major quantites at first contact
with the lean oil,

In sbosrkers with more than three theoretical trays the shrinkage
on the two end trsys amounts to approximately eighty per cent of the
totzl knock out. The fractional end shrinkage,W, remains quite stable
in spite of changes in the shrinkage on one end. Although?g‘may vary
slighty with changes in gas composition, lean oil condition, or recove
eIy fractiong.a value of eighty per cent knock out on the end trays
provides a reasonably accurate absorption profile. For absorbers with
three trays ™ was around eighty-nine per cent. And two tray absorbers
necessarily have one hundred per cent absorption on the end trays.

The development of the¥w factor plays a substantial part in devel-
oping the short-cut method associated with this thesis, the MORE method.
Net only is +the W factor used in determining the terminal tray temper-
ature, but its development led to the three tray model to evaluate

absorption.

A. CGENERAL DESCRIPTION

A shori-cut absorber calculation scheme has been developed with
an iterative solution, the total absorption being the iteration vari-
able. Absorber specifications consist of: the number of trays; compo=
gition, temperature, and flow rate of in-gas; composition and temperag-
ture of the lean o0il; and recovery of specified component. Inherent in
this model is the assumption of theoretical stages.

The calculetion method may be divided into six sections. Figure

2 presents the section sequence. The first section calculates or esti~
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mates the terminal tray temperatures and column average temperature,
along with terminal and average L/V ratios and feed stream enthalpy.
The second section evaluates the absorption factor functions in terms
of the terminal and average absorption factors. The third section com-
putes the temperature and stream flows for one terminal tray. The tem-
perature at the other end of the column is given by the heat balance
section. If the estimated material balance is not satisfied, a new
estimation is made, & new L/V profile calculated, and calculation re-
turns to the absorption section. If the material balance is satisfied,
the recovery of the key is compared with the desired quantity. If this
is satisfactory, solution is reached. If not, the lean oil rate is

adjusted and calculation is returned to the absorption section.

B. PRELIMINARY CALCULATIONS

As a first approximation L/V ratios are assumed equal for every

tray. The L/V ratio is calculated from the equation

(L/V) = (Lo + S)/VIG (30)
where L, is the lean oil rate and S the total shrinkage. This ratio
is used for the top, the average, and the bottom trays.

A first estimate of the average temperature of the column 1s made
by assuming the entire heat of absorption is provided by shrinkage of
a pseudo-compcnent usually a little lighter than the key component.
The average temperature is then estimated by mixing the lean oil and
the in-gas stream and adding the total heat of absorption based on the
pseudo-component. Again this value is used as the terminal temperature

on the first iteratior.



C. ABSORPTION SECTION

The absorption factors for each component are evaluated at the top,
bottom and average conditions. Using equation (11) as the overall

material balance equation

. 1 - Al (11)
vV, =y —_ |+ 111 A

the dry gas composition is calculated for the given absorption facto:zs.

A study of temperature, liquid, and vapor profiles from the Sujata solu-
tion led to the use of three absorption factors, the three tray model.
This was done because the L/V ratio and temperature on the ends of an
absorber are often quite different from the values of the interior
trays. However, the values on the interior trays remain relatively

constant. For this reason, the absorption functions become

¢ - | _ AAvﬁE -/.0 (31)
A Zat ! 4 (AAVE"':'-LVE _s.0l + (Aave ‘Agm'/@)
op
and
= -__Ta_ _ |0 Aave —/. 0 (32)
IWA’ 24 +' {AA-VE * AAVF'%P— /s 0) +(AAV;‘AB7M"‘/19/"R

where ¢% and ¢£ are the absorption factor functions. Although these

functions are cumberson to write, they are easier to evaluate than the

series expression; The value for is found by the equation
n-2
Ty = ATop x ABTM x AAVE (33)

where n is the number of theoretical trays. The rich oil contribution
for each component is found from theover-all material balance knowing

three of the four streams involved.

D. TERMINAL TRAY EVALUATION

In abserber calculations temperature and flow rates must be estab-
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lished for either the top or bottom tray. In previous methods the top
tray temperature was arbltrarily specified ten degrees above the lean
oil temperature or some cother experience number. Hull and Raymond
proposed an emplrical relation based on operational data to determine
the discharge gas temperature as a function of the heat of absorption
released on the top tray. The absorption on the top tray was calcula-
ted by a pseudo-bubble point calculation filling the vold with lean oil.
More recently, Landes and Bell calculated the temperature by heat
balance around the top tray. The temperature of the tray below the top
was calculated likewise by heat balance based on an assumed temperature
for the third tray.

The proposed method of determining a terminal tray temperature is
based on a pseudo~bukkle poirmt calculation to determine the abscrption
on the top tray. The end temperature is calculated from elther equa-

tion (34) or (35);

- Ty

£ TNEXT:- (34)

T

o o o Tass,Top - “PrExr \Tng
DG 10 » CpLO
and
P _ ‘l"
oo <~fas,pm - CPnext TR - Tiexr (35)
RO T CIG T Cpyg

where heat capacities are of the total stream and the subscript NEXT
represents the adjacent tray. The heat of absorption at the top of the
column is determined by the absorption at the top. The heat of absorp-
tion at the bettom 15 part of the difference between total heat of
absorpticn and that of the top tray. The choice of equations is made to
minimize the contribution of the temperature difference between the end
and adjacent trays. The adjacent tray temperature is empirically esti-

mated (see Figure 3) by correcting the linear temperature profile. The
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corzection is the difference between the column average and linear
average temperatures. The over-all iteration scheme converges rapidly
because the pseudo-bubble point portion is relatively temperature insen-

sitive.

E. HEAT BALANCE

Two important quamntities are calculated in this séction: 1) the
temperature of the end tray not yet célculated; 2) the column average
temperature. The unknown stream temperature is calculated from a
simple heat balance since the enthalpies of the feed streams and one
of the product streams have been evaluated. A temperature is assumed

and an enthalpy calculated. The Newton-Raphson (11) convergence method

TNew = T - %4%%3 (36)
works easily since f(T) is just a constant minus the stream enthalpy
and f'(T) is the stream heat capacity.

The column average temperature has been introduced to indicate
the bulge in the temperature profile die to hea£ of absorption. It is

calculated directly from the equation
- + (1-w)a
TDG) ( )

1Orpgl Thg HABS] (37)

Cppg + CPorL

Tave = Tnpgt
where Cpps and Cpgpp are the stream heat capacities for the dry gas and
lean 6il and ¥ is the fractional absorption on the end trays. This
equation has the inherenteassumptions that any material eventually
absorbed is returned to its original temperature and the differencé in

liguid and vapor heat capacities can be neglected.

F. ADJUSTING SECTION

If the estimated shrinkage equals the calculated shrinkage, nho
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calculations are done in this section., If not, new L/V profiles are
computed using results of the present iteration. The L/V ratio at the
bottom is the zich oil rate divided by the in-gas rate minus the esti-
mated shrinkage on the bottom tray. The top L/V is the liquid leaving
the top tray divided by the dry gas rate. The mverage of the L/V pro-
file is approximated by the equation

L, - (V -V
‘ _ *n 1 n) (38)
(LA pye = = 20,055

where L, is the rich oil; Vi1 vapor leaving the bottom trays; and S is
the total gas absorbed. The numerator is the o0il leaving the tray above
the bottom tray. The denominator is an empirical estimate of the vapor
leaving that tray. If calculations are done in this section, calcula-
tion returns to the absorption section. Otherwise, calculation proceeds

to the lean oil adjusting section,

G. LEAN QIL ADJUSTING SECTION

The desired recovery of the key component is tested in this sec~
tion. If the recovery is equal to that specified the solution has been
reached. Otherwise, the lean oil rate is adjusted by the empirical
relationship suggested by previous absorption work (14). The new lean
0il rate is given by

1.2
Lo NEW = Lo orp (ED/F) (39)
where ED is the specified recovery rate and F is the recovery at the

old oil rate, LO OLD" When the lean oil rate has been adjusted, compu=-

~tation returns to the absorption section.



CHAPTER IV
EVALUATION

The major purpose of this thesis 1s the development of an absorber
short=-cut method that ylelds results comparable with rigorous tray-by-
tray results. The rigorous results are supplied by the Sujata method
as modified and programmed by Spear. For a new method to be practical
its results must surpass those predicted by the classical Edmister and
Kremser-Brown methods, as well as those predicted by the Hull-Raymond
method. This investigation does not compare results with actual column
data, but rather with theoretical results, a procedure used to minimize
errors in thermodynamic and equilibrium data’agd field analysis.. Such
an evaluation examines each of the short-cut methods to determine how
well it predicts the results of tray-by-tray technique.

A description of the program used in evaluating the Edmister and
the KremsermBrown method, as well as a thorough description of the
Sujata program can be found in the work by Spear (14). The Hull-
Raymond method was adapted to computer solution directly from their out-
line with the necessary figures curve fitted by least squares to power

series.
General Description

Comparison of methods was based on results from a broad range of

absorber operating conditions. Adjustable parameters encountered were:

26
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feed stresm temperatures, number of theoretical trays, lean oll mole-
cular weight and condition, operating pressure, key component (propane)
recovery, and wet gas composition. A short-cut method's effectiveness |
was monitered by its ability to predict rich.oil, discharge gas, and
column average temperatures, lean oll rates, and methane and ethane
recovery fractions comparable with tray-by~tray results furnished by

the Sujata method.

A total of forty~fou$ absorber specifications were evaluated with
the MORE method, the Edmister method, and Kremser-Brown method. Product
stream temperatures required by Edmister and Kremser-Brown methods were -
provided directly from Sujata results. The err-all scheme of absorbers
was based upon a arbitrary "standard" absorber and variations. Specifi-
cations of the standard absorber are described in Table 1I. Evaluation'
of the Hull-Raymond calculation method was limited to eight runs, the

standard absorber with only feed temperature variation.

Temperature of the Feed Streams

Mecst abscrbers several decades ago operated at or near ambient or
plant stream temperatures. Recently, many absorbers have been brought
on line around the OOF'rangeo For a thorough evaluation all absorber
options were evaluated at two temperatures, 0°F and 100°F; and the
standard abscorber was evaluated at six other temperatures, 75, 50, 20,
10, -10, and =20°FE. Another temperature option was a }wenty degree

temperature difference in the feed streams.
Number of Trays

The number of trays in the absorber was varied from two to twelve
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with eight being used in the standard. The tray number was varied pri-
marily to supply information on the shrinkage profile. The number

eight was chosen because actual absorber data were reported with twehty
to twenty~-seven actual trays. Using an estimated efficiency of thirty-

three per cent, this gave approximately eight theoretical trays.

TABLE 11

DESCRIPTION OF STANDARD ABSCORBER

COLUMN CONDITIONS 500.0 Pressure
8 Trays
9 Components
2 Feeds
RICH GAS LEAN OIL
COMPOSITION COMPOSITION
COMPONENT MOLS MOL FRACTION
1 Methane 89.01 ’ 0.000
2 Ethane 6.29 0.000
3 Propane 2.36 0.000
4 i-Butane 0.49 0..000
5 n-Butane 0.68 . 0.000
6 i-Pentane 0.13 0.000
7 n-Pentane 0.29 0.000
8 Lean 0il 0.00 1.000
9 Nitrogen 0.75 0.000

Product specificstions recover seventy per cent of propane.



Lean 01l Molecular Weight

Although thermodynamic and equilibrium data were not under consid-
eration in this evaluation, their availability affected the selection
of lean oil. The lean oil of the standard absorber was a 200 molecular
weight oil with & normal boiling point gf 500°F. Although this oil
was too vigcous for practical use at lower temperatures, its viscosity
had noteffégtfon the numerical solution and it was used anyway. Other
oils used were decane and 250 molecular weight oil with 700°F normal

boiling point.
Lean Oil Condition

The gtandard absorber was evaluated with completely denuded lean
oil. Non-stripped and methane charged lean oils were also run. The

composition of the lean oils can be found in Table III,

TABEL III

RELATIVE LEAN OIL COMPOSITIONS

LEAN OIL, MOL FRACTION

NON- METHANE

COMPONENT STANDARD STRIPPED CHARGED
1 Methane 0.000 0.000 0.150
2 Ethane 0.000 0.000 0.000
3 Propane 0.000 0.000 0.000
4 i-Butane 0.000 0.005 ’ 0.000
5 n-Butane 0.000 0.005 0.000

6 i-Pentane 0.000 0.010 0.000
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TABLE III (continued).

LEAN OIL, MOL FRACTION

NON- "METHANE

COMPONENT STANDARD STRIPPED CHARGED
7 n-Pentane 0.000 0.010 0,000
8 Lean 0il 1.000 0.970 0.850
9 Nitrogen 0,000 0.000 0.000

Operating Pressure

A pressure of 500 psia was used in the standard absorber. To en-
sure that the results of the proposed MORE method were valid over the

normal sbsorber pressure range runs were made at 200 and 1000 psia.
Recovery of Key Component

Propane was the key compdnent in all runs.. The standard recovery
was seventy per cent of the propane. Other recoveries were twenty and
ninety per cent of the propane. Such extremes were imposed to open the

required lean oil rate to wide ranges.
Gas Composition

The choice of the standard wet gas composition was completely
arbitrary. Therefore, the nomenclature rich or lean in-gas is simply
relative to the assumed standard. The compositicn of the standard, rich
and lean wet gas is given in Table IV. The choices for lean and rich

gas were made to determine the effect of composition on temperature and



shrinkage profiles and on the end tray shrinkage.

TABLE IV

WET GAS COMPOSITION

31

COMPOSITION, MOLS

__ COMPONENT STANDARD RICH LEAN
1 Methane 89.01 86.01 92.75
2 Ethane 6.29 6.79 5.00
3 Propane 2.36 3.36 1.75
4 i-Butane 0.49 1.49 0.25
5 n-Butane 0.68 1.18 0.25
6 i<Pentane 0.13 1.13 0.00
7 n-Pentane 0.29 0.29 0.00
8 Lean 0il 0.00 0.00 0.00
9 Nitrogen 0.75 0.75 0.00
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PRESSURE, PSIA

500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
200.
200.
1C00.
1000.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
530.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.

OIL MW

200.
200.
260,
209.
200.
200.
200.
200.
200.
209.
200.
200.
200.
200.
209.
200.
200.
200.
200.
2006.
200.
145.
145.°
250.
250.
200.
200.
200.
209.
200.
260.
200.
200.
200.
2090.
200.
200.
200.
200.
200.
145.
145..
269.
145.

TABLE V

LIST OF R

OIL STRIPPED

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
ND

NC

YES
YES
YES
YES
YES
YFES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO

NO

UNS

DIL TEMP,

1¢0.
50.
0.
1¢0.
120.
0.
20.
106.

F

GAS TEMP,

1G0.
50.
0.
120.
100.
20.
0.
100.
0.
100.

F

C3 RECOVERY

C.7C
0.70
Q.70
0.70
Q.70
0.70
0.70
0.20
C.20
0.90
G.90
Q.70
D.7C
0.70
0.70
.70
[V 43}
0.70
0.70
0.70
0.70
0.70
0.70
0.70
C.70
0.70
0.70
0.TD
0.70
0.70
0.70
0.70
0.70
0.70
G.T0
C.70
0.70
0.70
0.70
0.70
0.70
Q.70
0.70
C.70

GAS COMPOSITION

AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
RICH
RICH
LEAN
LEAN
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
- AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVERAGE
AVER AGE
RICH
AVERAGE
AVERAGE
AVERAGE
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CHAPTER V
RESULTS

The Kremser-Brown, Edmister, and MORE methods were used to deter-
mine operational conditions for férfy;four absorbers described pre-
viously. The Hull-Raymond method was used on the standard absorber at
eight temperatures. The results from all methods were compared with
Sujata solutions.

The results from the Kremser-Brown and Edmister methods were
obtained by a computer program developed by Erbar (18); the Sujata
in a program by Spear; and the Hull-Raymond and MORE methods in pro-
grams associated with this thesis. Each of the short-cut methods was
adapted to use the same enthalpy and equilibrium data as the Sujata
program. In the Kremser-Brown and Edmister programs the unknown tem-
peratures were provided by Sujata results. This resulted in a definite
test of each method's ability to describe the theoretical tray model.

The evaluation of each calculation method 1s based on how well
that method predicts the absorption of methane-and ethane, the lean
0il rate required for a specified propane absorption, the product stream.
temperature, and, in some cases, the column average temperatures. The
comments on each method represent-a summary of’ the general trends

observed.
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TABLE VI

SUMMARY OF RESULTS
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KREMSER-BROWN CALCULATION METHOD

Predicted Varisble

Remarks

Methane Recovery

Ethane Recovery

Lean Oil Rate

Temperatures: Rich 0il
Lean Gas
Column Average

Average 10 % low

‘Average 10 % low

Average 35 % high

Specified from Sujata results
Specified from Sujata results
Does not apply

EDMISTER CALCULATION METHOD

Predicted Varlable

Remarks

Methane Recovery

Ethane Recovery

Leann 0i1 Rate

Temperaturess:s Rich 0il
Lean Gas ‘
Column Average

Average 1.4 % low

Average 3.0 % low

Average 2.0 % high

Average 1.72°F high
-Specified from Sujata results
Does not apply

HULL-RAYMOND CALCULATION METHOD

Predicted Variable Remarks

Methane Recovery Average 0.4 ¥ low

Ethane Recovery Average 1.3 ¥ .low

Lean 0il Rate Average 5.1 % high

Temperatures: Rich Oil ‘Average 2.7°F  high
Lean Gas Average 1.49F  low
Column Average Average 7.1°F high
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TABLE VI (continued)

MORE CALCULATION METHOD

Predicted Variable Remarks

Methane Recovery Average 0.6 % low

Ethane Recovery Average 1.0 % low

Lean Oil Rate Average 0.4 %  high

Temperatures: Rich Oil Average 1.89F  high
Lean Gas Average 0.2°F  high
Column Average Average 1.4°F high

SUMMARY : Kremser-Brown Calculation Method

The Kremser-Brown calculation method is the oldest, simplest, and
most conservative of the calculation methods. 1Its results (Appendix A)
are dependent upon good information of product stream temperatures.
Even with the best values for these quantities, the resultant absorber
is quite conservatively designed; perhaps too conservative for good
design. |

High oil rates, 35%, and low recoveries, 10%, result from the
evaluation of an average absorption factor. In the computer program
the average absorption factor is found which gives the designated re-
covery of the key component. The L/V ratio and then the lean oil rate
are backed out of the correct absorption factor. The L/V ratio used
is the minimum value attainable with given column conditions, the lean
oil rate over the wet gas rate. From this analysis, the Kremser-Brown
calculation alweys over-designs oil rates, but closes in on rigorous
soluticns when high oil rates are accompanied by small amounts of

absorption; phenomena leading to linear temperature distribution and



36

constant flow ratios. This usually occurs at low pressure operation of

the type used when Kremser and Brown developed the calculation procedure.
Edmister Calculation Method

The results of the Edmister calculation method (Appendix A) indi-
cate 1t is quite a good method provided accurate values of the‘dry gas
temperature can be established. The dry gas temperature has greater
influence upon the rich oil temperature than upon the effective absorp-
tion factor because it 1s inversly coupled to the rich oil temperature.
The effective absorption factor is a function of the product of the two
temperatures and is comparatively insensitive,

The rich oil temperature 1s consistently higher than Sujata results
by an average of 1.72°F in spite of an increase in lean oil rate. This
occurs primarily because the over-all heat balance convergence limit
for the Edmister program is the same as that of the Sujata for each
tray. This allows for the difference (see Appendix D for more detailed
discussion).

The component recoveries are low for a given oil rate. This is
pcinted out by the low methane and ethane recoveries and the increased
0il rate for a specified propane recovery. If the two tray model for
the effective absorption factors is going to work, then the terminal
absorption facters must be slightly in error. Since vapor-liquid
equilibrium constents are evaluated very near the correct temperatures
by specification, the deviation in absorption factors must occur in the
L/V ratioc. In the computer program the L/V ratios are calculated by
assuming equal absorption on each stage. Such procedure results in

lower‘L/V ratios than observed in the Sujata results where the major
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portion of absorption cccurred on the end trays. Figure 4 shows several
examples of actual L/V profiles compared with linear approximations.

From Figure 4, the constant absorption per tray model yields good
L/V values at the bottom of the column, but often inaccurate, low values
at the top of the column. Such a model would produce low absorption
factors and a low effective absorption factor.

A possible improvement of the computer program would be the intro-
duction of the end tray absorption factor,W , to provide better L/V
values for the end trays. This was attempted but results were not

improved.
Hull-Raymond Calculation Method

The Hull-Raymond method was developed empirically from extensive
operation data and would be expected to accurately describe absorbers
operating within its range. The results from calculation of the stan-
dard absorber bear this out. At lower temperatures the column average
temperature exceeds the SujataAValues by ten degrees, yet the lean oil
rate and component recovery rates remain close. At the low temperatures
(i.e., low oil rate), the bounds of many of the empirical plots are
reached or exceeded. This explains the deviation in columh average
temperature.

The lean gas temperature averaged 1.4°F lower than Sujata results.
In the Hull-Raymond method the lean gas temperature is found from an
empirical plot as a function of the heat of absorption of the top tray
per pound of lean oil. Inherent in the plot 1s the specified lean oil
heat capacity of 0.5 Btu per pound. The rich oil temperature is found

by over-asll heat balance and reflects the oll rate, dry gas temperature,
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and component absorption. The rich oil temperature averaged 2.5°F
higher than Sujata results as a result of low dry gas fémperatures and
tighter convergence limits than the Sujata program (see Appendix D).

Within the range of applicability set forth by the authors, the
Hull-Raymond calculation method provides good values with the least
specifications. It is impaired in its ability to describe low tempera-
ture absorber operation because of the low oil rates encountered.
Efforts to extend the Hull-Raymond method to low température operation
and to generalize its many empirical plots led to the development of
the absorber calculation method associated with this thesis. This

method is called the MORE method for brevity.
MORE Calculation Method

The short-cut absorber calculation procedure developed in this
thesis, the MORE method, gave the best results of the methods tested.
It did so with neither product stream temperature specified. Component
recoveries, lean ¢il rates, and column temperatures were consistently
closer +to Sujata results than the other short-cut methods. The dry gas
temperature averaged 0.2°F higher than Sujata results for forty-four
runs and varied only 2.06°F below to 1.63°F above as maximum deviations.
The rich oil temperature was 1.70°F higher than Sujata results, with a
range of -0.25 to 3.809F. A deviation of this size and direction could
have‘resulted from a tighter over-all convergence in the MORE program.
Both the MORE and Sujata programs solve heat balances with a trial and
eribr procedure. Convergence occurs when the error in the heat balance
becomes smaller than a specified value. In the Sujata program the

limit is a fractional part of the enthalpy of the streams leaving a
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given tray. In the new short-cut program the limit is a fractional
part of the total feed enthalpy. The Sujata program employs heat
bazlences on each tray and accrues minor deviations on each tray. The
totel deviatiqn is the sum of the individual tray =rrors. The MORE
short-cut method has only a single over-all heat balance and a single
deviation (see Appendix D).

The column average temperature predicted by the MORE model averaged
1.4 degrees high and ranged from 0.78°F below to 3.65°F above Sujata
results. These values are felt to be accurate enough for this short-
cut method.

The lean oil rate and component recovery rates were in good agree-
ment with Sujata results. ' In forty of the forty-four runs the MORE
method most accurately preéicted the. lean o0il rate given by the Sujata
program. The average deviétion was 0.4%. The greatest deviation by
the MORE method between requiréd lean oil rates was 16.5% below Sujata
results when the required rate was only 0.314 moles of lean oil per
hundred moles of wet gas. The component recovery rates for methane and
ethane were 0.€% and 1.0% low respectively, the best values for the
short-cut methods.

If more accuracy is needed for component recovery and the tempera-
ture profile is sufficiently accurate, the absorption factor method
used ir the MORE program cén be improved. Compdnent recovery is deter-
mined by three absorption factors - top, bottom, and interior tray
average. The present method calculates the average abscrption factor
at the column aversge temperature and an empirically approximéted L/V
ratio for the interlcr trays. Still other work could be done explain-

ing the occurence of the terminal tray absorption factor,% , and its



varlation.
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CHAPTER VI
CONCLUSIONS

The major purpose of this thesis was the development of an absor-
ber short-cut method capable of yielding results comparable with rigor-
ous tray-by-tray methods starting with the same data. Such a method,
the MORE method, has been developed and describes simple absorber
operation both externally and internallﬁr° The product streamé and
temberatures compared favorably with rigorous results of the Sujata
method. For forty-four runs the maximum Eemperature deviation was less
than 40F and the maximum deviation in lean oil rate was less than 0.4
moles.

The Kremser~Brown method was also compared with Sujata results.
Product stream temperatures were supplied by Sujata results. Even so,
the results of the Kremser-Brown calculation were consistently conser-
vative, giving excessive 0ll rate and low recoveries. Based on this
comparison exact temperatures of product streams are not necessary for
the applicaticn of this method. The recommended use of the Kremser-
Brown method would be in early stages of economic feasibility studies,
much as an artist uses a sketch, for it is indispensable as a first
guess.

Tﬁe Edmister method gave excellent pesults compared with Sujata
results. In the absence of excellent thermodynamic data, it would give

as reliable design as rigorous methods. Dependence upon temperature
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specification for the dry ges stream detracted from the method's gener-
ality. The Edmister "effective" absorption factor method is a good
short-cut method. It can be expected to yield reasonable design data
with little specificaticn and good data when accurate temperatures for
a terminal product stream are supplied.

The average results of the Edmister method predicted a lean oil
rate 2.0% higher than Sujata solution. Methane and ethane recoveries
were 1.4 and 3.0% lower than the Sujata results.

The Hull-Raymond calculatibn method gave good results for absor-
bers operating in the range from which it was developed. That range
was absorbers operating above or around ambient temperature and with
the lean oil dominating the heat balances. Attempts to extend empiri-
cal temperature plots were unsuccessful. The Hull-Raymond method of
evaluating the effective absorption factor was more difficult to use
than that of Edmister, but it gave satisfactory results where the rest
of the Hull-Raymond method applied.

The method developed in this thesis, the MORE method, provided
design information cleoser to rigorous calculation results than any
other short-cut method tested in every respect; temperatures, lean oil
rates, and component recoveries. The method incorporated heat balance
and absorption factors with no empirical graphs and appeared to give
results comparable to rigorous method wherever solution can be reached.
The only non-explicit assumption was the introduction of the terminal
tray absorption,s. For absérbers with four.or more theoretical stages,
eighty per cent of the sbsorption occurs on the two end trays. Average
results of the MORE methcd predicted all temperatures within 1.8°F of

Sujata results and all component and oil rates within 1l.0%. The MORE
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LIST OF NOMENCLATURE

absorption factor defined as A = L/KV

effective abscrption factor defined by e@uation (22)
absorption factor defined by equation (23)

number of components

heat capacity of specified stream

desired key component absorption

component fraction absorbed

heat of absorption

component equilibrium constant defined by K = y/x
total liquid rate leaving a tray, moles
component.liquid rate leaving a tray, moles
number of trays in the column

total wet gas shrinkage, moles

temperature

total vapbr rate leaving a tray, moles

component vapor rate leaving a tray, moles

liquid mole fraction

vapor mole fraction
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Greék Symbols

ArAohg.. Ay

A1A2A3. . .An + A2A3.. .An +...+ An
fraction. >f any wet gas component not recovered
fraction of any lean oil component leaving in the dry gas

fraction of total gas absorption that occurs on the terminal trays

Subscripts
- column average
- bottom tray
- discharge gas stream
- tray reference
- in-gas stream
- lean oil gtream
- total number of trays (last tray)
- tray reference of adjacent tray
- reference for stream entering tray 1
- average of lean o0il and rich oil streams
- rich o0il stream

- top tray
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APPENDIX A

TABULATED RESULTS

In the tables that follow the results of each short-cut method are
compared with the Sujata results. Results are presented for the dry
gas, column average, and rich oil temperatures; the required lean oil

rate; and the methane and ethane recovery rates.
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TABLE VII

PREDICTED>DRY GAS TEMPERATURE

SUJATA

103,73
58,14
15.18

103,87

122,84
18.97

32,60

107.48
15.44

103.11
13.58

103.87
18.41

104,84
23.24

103.22
14.10

101.93

8.37

106.21
27.35

105,48
23.39

103. 82
17.83

104. 84
16499

103,82
80. 54
33412

25,48
11.21
4042

104,33
17.85

104,03
18.31

103.99
18447
30,50
25439

102,14
20,00

MORE

104,27

59,12
18.64
103.96

123,40

18.76
32.74
108.31
13.38
103.30
15,21
104437
18.30
105,04
22.74
103.54
13,83
101.97
9.03
106498

26,33

106,12
23.05
104,26
18.13

104,42

17.17
104.20
18.55
Bl.22
34459
25492
11.36
4413
104,39
17.6GC
104,46
18453
104,39
1858
3044
25465
102.28
20,92

HULL—RAYMOND

104,00
64410
16.26

30.07
32.41
24420
8,30
J.01

50
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TABLE VIII

PREDICTED COLUMNvAVERAGELTEMPERATURE

SUJATA

106431

6l.61 -

18.07
113.01
120.35

32.23
" 21.76

103.43 "

9. 64
105. 94
19.85
105.81
U 17.73
112.15
34,44

- . 8.08
103.50
14.95
107.84
20.10
. 107.84
105.57
16.03
106.19
17.75
105.79
17.40

35.65
26.90

9.16"

0.20
106. 34
18.44
106.54

18.53"

- 106.55

35.44
34.11
105.21

17.38

MORE

108.13

63,78
20.13°

114.22
121.17 .

36,03
104.79

.. 939

107.40
21.59
107.66

" 19.72

114.44
38.19
104,84
9454

104,73

17.01
110.08,
21.25
109.87
19,85
107,29
17}83'
106.32
17.96

'108.26

20424
85.74
37.44

1.53

1 107.13

19.34
107.52
19.41
107.78
19. 74
38,57
37.39

19.88 .

\ _HULL—RAYMOND”

106436 -
66.68
31.61

82.60
46454
39.25
23.46
15.15

ee oo
ceoe
feee
P
6o e’
ee e
see
‘ee e
eee
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.~ TABLE IX

'PREDICTED RICH DIL TEMPERATURE

~ RUN SUJATA  MORE- ~  EDMISTER HULL-RAYMOND

1 105.26 106,70 - 108.05 108.30
2 61.04 ‘ 63.41 63.82 ' 64.10
3 21.86 23.61 v 20,07 20.81
4 106.80 107.77 ‘ 133,70 " eew
5 123-33 124121 ‘ L121024 - ’ es e
6 >28028 31931 34096 eeo0
7 ‘31045: : 30086 ’ 21037 ) ) L)
8 106.09 . 107.63 . . 105.56 " eee
9 12.06 12.21 ¥ooo . [ eee
10 104.406 . 105.41 ) 107.27 L)
11 19.42 22,14 22.11 see
12 105.19 106,57 108. 14 L eee
13 21074 23443 . ZOQOQ o e e
14 108.26 109095 114,03 L)
15 : 34041 . “ 38.06  38,28 ‘ XN
16 103.84 104oﬁ5 ) 104083 . ‘oo
17 13.95 13.85 ; . 9,02 ‘ coe
18 .102.68 o 1039[9 - 104.69 " )
19 12079‘ .14083 ' 17.14‘ ’ LI
20 '107. 76 109.94 . 109.91 ' )
21 . 28003 ‘ : 28024 : 18060 g )
22 107.41 ‘ 109,08 110.13 . eve
23 24,73 25446 ' 19.04 - ' ses
24 .105016‘ . 106036 108.02 Lo " eee
25 - 20445 21.78 20437 e
26 105.51 104.73 106.28 s
27 17.37 17453 18.04 eee
28 '105.02 106.70 108.06 cee
29 21.14 . 23.65 20,52 cee
30 82.60 - B4.54 85.65 85.70
31 37.09 39,39 - . 37.98. ' " 37.90
32 29.47 . 31.43 o 29.15 : 29,31
33 I 1l4.19 - 15.58 ' 16.59 . 12,33
34 6427 T35 : " 0.66 ; 442
35 105, 48 105.69 107.15 ' ses
36 19-03 —_— 20067 » 19004 o oo e
37 "105. 49 106.56 107.57 ' coe
38 . 20420 23.05 19.36 o coe
39 . 105.51 106.63 107.78 . e
40 21.00 23.31 19.54 cos
41 39,93 43.14 o 39,07 . .ee
42 33,88 36.56 » 37.15 e
44

22.62 24,19 ¢ 20440 7 .4

¥ DID NOT CONVERGE



RUN SUJATA
1 26.568
2 14,705
3 7.006
4 27.614
5 32.018
6 B.606
7 8.036
8 6.146
9 0.317

10 38.679

11 11.137

12 26,710

13 6.996

14 25.673

15 7.797

16 27.875

17 6.982

18 60.370

19 15.765

20 16.783

21 4.533

22 27.259

23 7.195

24 26,573

25 6.785

26 40.222

217 10.374

28 26,021

29 6. 766

30 20.042

31 9.710

32 8.311

33 5. 796

34 4.670

35 32.474

36 8,352

37 29.543

38 7.660

39 28.138

40 7.350

41 8.374

42 9.345

43 30.815

44 8.218

* DID NOT CONVERGE

TABLE X

PREDICTED LEAN OIL RATE

MORE

26.771
14,507
6.988
27.674
31.972
B.643
7.860
0.265
38.737
11.056
26.914
6.985
25.886
1.666
28,046
7.042
60.690
16.010
16.873
4.389
27.487
7.192
26.728
6.768
40,204
10.417
26.353
6.916
20.280
9.759
8.330
5.740
4597
32.714
B.453
29.781
7.640
28.304
7.302
8.269
9.350
31.200
8.398

EDMISTER

27.574
15.361
6.934
28.880
32.392
8.868
7.607
6.605
e
39.707
11.075
27.610
6. 944
26.716
7.283
28.877
7.341
61.094
16.050
18.101
4.436
28.200
6.987
27.578
6.958
40.008
10.498
27.343
64942
20.938
9.938
8.384
5.566
4.274
32.777
8.368
30.070
7.580
28.806
7.223
7.712
9.462
30.863
7.848

KREMSER-
BROWN

35.360
20.878
11.174
37.773
40.227
12.717
12.863

9.918

2.997
50.661
15.879
35.328
11.170
36.336
12.225
25.054

10592

68,990
18.030
28.156
11.312
35.650
11.396
35.303
11.074

- 54.947

17.223
34.756
10.944
27.490
14.531
12.771

9.731

8.430

43.581

13.753
39.521
12.469
37.454
11.601
12.601

"13.104

35.123
11.222

33

HULL-
RAYMOND

264330
15.361
T.907

20.210
10.713
9.288
5.386
5.386

LR X J
LR IR 1
L )
LN S ]
LA 4
LR )
LA
e & o
e o9



TABLE XI -

PREDICTED METHANE RECOVERY

RUN ~  SUJATA
1 5.055
2 3.800
3 2.998 .
4 5.092 -
5 5.669
6 3.078
7 3.187
8 1.376
9 0.725
10 7.188
11 4.210
12 5.032
13 2.987
14 5.161
15 3.549
16 . 5.044
17 2.579
18 4.207
19 1.936
20 7.581
21 5,845
22 5,128
23 3,049
24 5.038
25 2.950
26 7.403
27 3.933
28 4.972
29 2,949
30 44371
31 3,272
32 3.129
33 2.879
34 2.770
35 6.063
36 3.356
37 5.556
38 3.165
39 5.316
40 3.082
41 3.661
42 - 3.216
43 5.013
44 3.008 -

* DID NOT CONVERGE

MORE

5.058
3.801
2.943
54089
5.641
3,005
3.136
1.389
0.717
7.166
4.138
5.030
2.935
5.208
3.424

5.036

2.570
4.214
1.938
7.530
5.671
3.004
5.036
2,901
7.396
3.939
44990
2.923
4.3719
3.246
3.080
2.818
2.707

6,076
3.359

5.541
3.124

5.304

3.030
3.553
3.142
5.091
2.996

EDMISTER

5.108
3.789
2.812
5.221
‘5.625
2+988
2.948
. 1.422
¥oaw o
- T7.213
3.951
5.111
2.814
‘5.131

3.126- .

54191
2.622

44,210

1.301
T.724
5343
5.171
2.844
5.108
2.812
T7.608
3.978
5.040
2.790
4.404
3.166
2.983
2.650
2.497
6.171
3.297
5.527
3.044
- 5.371
24926
3.198
5.487
2903

KREMSER-
BROWN

'4.760
3.325
2.226
4.987
5.215
2.414
2.432
1.334%
0.607
6.825
3.176
24225
4.656
2.261
4,930
2.243
4,095
l.632
T.004
44142
4,788
2.253
4,755
20213
T+345
3.433
4.681
2.184

4,000

2,627

2.420
2.043
1.871
5.863
2.739
5.305
2.482

. 54040

2.358
2.305
24460
9.954%

-3.899

HULL-
RAYMOND

44902
3,787
3.041

'...
4.278
3.339

3.195

2.891
2,738

o4



RUN

O @ ed OV P W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
" 35
36
37
38
39
40
41
42
43
44

SUJATA

1.690
1.513
1,402
1.673
1.783
1.378
1.459
0.467
0.358
2.405
1.947
1.687
1.400
1.871
1.685
1.313
0.992
1.514
1.109
2.009
1.825
1.702
1.422
1.689
1.392
2.277
l.771
1. 666
1.385
1.597
1.436
1.418
1.389
1.376
- 1.991
1.559
1.849

1.475

1.774
1.438
1.723
l.422
l1.684

1.409

TABLE XII

PREDICTED ETHANE RECOVERY

MORE

1.684
1.504
1.371
1.670
1.772

1.341°

le434
0.469
0.355
2,393
1.915
1.680
1.370
1.872
l.624
1.307
0.980
1.511
1.102
1.994

1.776

L.695
1.394

1.682

1.364
2.276
" 1.772
1.660
1.361
1.591

1.419

1,390
1.355
153{"2
1,991
1.556
1.844
1.460

1768
l.e415
l.668

l.382

1.693
1.390

* DID NOT:CONVERGE

EDMISTER

l1.686
1.485
1.300
l1.696
1.757
1.322
1342
0.475
*'..
2398
1.823
1.686
1.300
1.846
1.492
1.327
- 0,978
1,510
1.078
2.005
1.665
1.694
1.313
1.686
1.299
2.300
10780'
1.661
1.284
1.585
1.370
1.334
l.266.
1234
2.008
1.534
1.857
l.419
1.776
1.361
1.515
. 1.345
l.5665
1.290

KREMSER~ -

BROWN

1.635
1.394
1,140
1.667
l1.698
1.190
1.195
"0.458
0.315
24346
1e632
l.634%
1.140
1.774
1.264%
1.296
0890
1.495
1.004
1.918
1.436
1.639
1.148
le634
1137
2.273
le662
1.608
1.120
1.517
1le243
1.197
1.088
1.036"
1.968
1.391
l.812
1.269
1.728
1.207
1.276
1.202
"1.632
1.142

HULL~
RAYMOND

1.649
1.497
1.393

ass
6ee
LX)
o e 0
LI ]
cee
cee
e ee
sse
LI I )
see
LI )
ewve
® o0
ceoo
‘o0 e
L I IR ]
. o0
eee
e
ease
e ese
s o
s e
LA I ]

1.565
1.441
1.418

- 1.363
1.330

e ea



APPENDIX B
DATA

Altheough thermodynamic and equilibrium data do not enter the analy-
sis of the ceparate azbsorption calculation methods, their source and

values might prove helpful in analysis of this thesis and use of re-

The vaporw;iquid equllibruim constant for each component was curve
fitted from data taken from N.G.S.M.A. Data Book (16). The equation
was of the form

ln K= A+ B/T + C/T2 + D/T°
where T = “R/100.

The liquid and vapcr enthalpy were taken from the same gource but

fitted +o the eaticns

H, = A+ BT + CT?
and

Hy = A+ BT + CI?

N o G
where again T = “R/100.
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TABLE X111

K VALUE COEFFICIENTS

~6.65472

57

— . —

302.69330
408,75500
442.47130
531447560
504. 89700
474.47930
500.95320
245.73240

-151.42850

180.98960
211.40340
205.87790
241.37350
225.79970
278.51110
257.36800
701.43180
-130.90850
~-402,67520
-118.86150

375.15760
235,.75920
182.44810
222,95100
212.94260
296.40310

© 227.70500

=798.32900
-39.,18790

COMPCNENT A '8

- 200 PSIA ———=——m—mw e ———
METHANE 0.62936 41.67177 =~222.35380
ETHANE 1.89355 27.73705 =254.60420
PROPANE 1.41560 3166986 =302,31800
I-BUTANE 1.06618 37.21840 -363,29280
N-BUTANE 1.70875 28409457 =337.54400
I-PENTANE 1.55110 26.85196 =345,38220
N-PENTANE 1.45431 28.93027 =-365.60330
200 MW OIL 6.27465 =65.07498 =174.09260
NITROGEN -4.32824 -15,77304 84492576
~ 500 PSIA =-——==mmmm e e e e e e e e
METHANE 0.86989 26.59536 =-149,53520
ETHANE 2.78127 1.13197 =122.21500
PROPANE 2.67452 0.07913 -143,93070
I-BUTANE 2.10888 6.29061 =-189.73140
N-BUTANE 2.B4696 -3,14933 =~166411700
I-PENTANE 2.28437 3.43893 -217.79740
N-PENTANE 2.78643 -3,21470 -199,546500
200 MW OIL 6.81646 —34.68934 ~508.67470
NITROGEN -5.,18179  -15.63904 78.55727
DECANE 12.66661 =164.,81940  368.43090
250 MW OIL -5.45264 —~12.38642 = 66.67615
= 1000 PSIA == e e e e e e e e e
METHANE <0.60247 42.93B07 =-248.92420
ETHANE 1.98596. 2.60610 =122.12060
PROPANE l.74780 1.27734 =124.64890
[-BUTANE 1.21320 7.51930 -169.46260
N-BUTANE 1.71057 1.19572 -155.51380
I-PENTANE 1.11933 9.60301 =219.32000
.N=-PENTANE 1.78504 =0e54964 =177.99260
200 MW OIL 19.15638 =276.73060 829.38210
NITROGEN ~-4.10338  22.03521



COMPONENT

- 200 PSIA —=—==

METHANE
ETHANE
PROPANE
[-BUTANE
N-BUTANE
I-PENTANE
N—PENTANE
200 MW OIL

TA3LE X1V

1293.00
2808 .80
4344.10
6590480
6590.80
8353.80
8353.80
28028.00

VAPOR ENTHALPY CDEFFICIENTS.

636443
1008.30
1277.50
1346440
1346 .40
1541 .10
1541..10
1311.70

24.000
39.328
60.454
92.632
92.632

o8

116.350

116350
561.760

= 500 PSIA mmrmmmm e o s e

METHANE
ETHANE
PROPANE
I-BUTANE
N~BUTANE
[-PENTANE
. N-PENTANE
DECANE

200 MW OIL
250 MW 0IL

612.61

594.36
4928.90
T7759.5%90
7759.90
9254 .40
9254 .40
12873.00
16600.00
16600.00

777.21
1450.00
573.48
132.25
132.25
212.11
212.11
1413.60
1985.20
1985.20

-~ 15.010

15.633
1364510
218.040
218.040
251.650
251650

© 3904560

549,180
549.190

= 1000 PSIA ==—==mmmm— e SR

ME THANE
ETHANE
PROPANE
1-BUTANE
N-BUTANE
I-PENTANE
N-PENTANE |
200 MW OIL

518.18
528.86
5615.70
8108.50
8108.50
10630.00
10630.00

© 37289.00

T16.74
1317.40
170.98
-19C.91
-190.91
-525.51
~-525.51
-5889.70

21,001
284629
166.8320
234.360
234 .360
297 .240
297,240

1160.600



COMPONENT

METHANE
ETHANE
PROPANE
I-BUTANE
N-BUTANE
I-PENTANE
N~-PENTANE
DECANE

200 MW OIL.
250 MW OIL

TABLE XV

A

828.12
-1759.90
~-807.45
-3040.00
-3040.00
=-5114.80
-5114.80
-10001.00
-14782.00
-14782,00

'LIQUID ENTHALPY COEFFICIENTS

B

~821.57

97.65
-263.30
587.75
587.75
1327.20
1327.20
2420,70
3403.50
3403.50

c

257.710
235.070
305.330
279.520
2719.520
261.530
261.530
479.370
673.800
673.800



APPENDIX C
COMPUTER PROGRAM

The absorption calculation method developed in association with
this thesis was programmed in FORTRAN IV for use on the IBM 7040 compu-
ter. The program handles a maximum of twenty components for a simple,
two feed; non-intercooled absorber consisting of an integral number of
ideal trsys. The program has one executive branch with a cabinet of
seven subordinate sections which 1n turn are supported by nine auxiliary
subroutines. Figure 5 shows the sequence of operations as governed by

the executive program.
Executive

MAIN, the executive program, directs the sequence as shown in
Figure 5. It is a simple director which could be expanded or zearranged
to handle different input, output, and calculatibn schemes. It contains
the iteration counters for both the shrinkage and lean oil adjustment

sections and will terminate calculations if either exceeds fifty.
Support Cabinet

SUBROUTINE DATA
All input information is read by DATA. Terminal tray absorption,
flow ratics, temperature profile and lean oil rates are calculated or

set as necessany,

60



FINIGL

>

ABSORB

v

TOPCOL

ADJUST

Figure 5. Program Diagram
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SUBROUTINE ABSORB
For given temperatures and flow rates for the bottom and middle

section, the product streams are calculated.

SUBROUTINE TOPCOL

TOPCOL is the subroutine that evaluates the top tray in the column.
After calculating the pseudo-bubble point of the liquid leaving the top
tray, TOPCOL chocoses the top or bottom tray to minimize the effect of
the adjacent tray temperature and finds the initial terminal temperature.
The maximum number of iterations to find the temperature is setat fifty.
Logic 1s added to limit changes in the predicted temperature to values
less than ten degrees F. After ten iterations succeeding temperature

values are averaged to dampen osgillations.

SUBROUTINE HBAL

Given feed stream temperatures and either product stream tempera-
ture, HBAL calculates the remaining temperature by the Newton-Raphson
method applied to the fundamental heat balance equation.. The limit of
such lterations 1z again set at fifty. The column average temperature

is also found in this section.

SUBROUTINE ADJUST

ADJUST determines whether or not solution has been reached for a
given lean c¢il rate by comparing estimated and calculated shrinkages.
If 3 solution has not been reached, new flow ratios are calculated

based on the calculated shrinkage.

SUBROUTINE FINIGL

FINIGL: is the subroutine that adjusts the lean o0il flow rate if
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necessary. If a change is necessary, the L/V ratios are scaled accord-
ing to the change in lean oil rate and the enthalpy of the lean oil

stream is calculsted,

SUERCUTINE POOP

POOP is the major output subroutine called by MAIN after the com-
plete solution has been reached. It also can serve as an intermediate
output facility yielding the lean oil rate, estimated shrinkage, temper-
aturesv(TAV, TRO, and TDG), and liquid rate: leaving the fop tray for

each major calculation loop (see Figure 5).
Auxiliaries

SUBROUTINE HLIQ
HLIQ is the subroutine that calculates the liquid enthalpy for
individual components at a given temperature. HLIQ is called by many

subroutines (see Appendix B).

SUBROUTINE HFEED

The enthalpy of each feed stream is calculated as well as total
input enthalpy. The maximum deviation in the over-all heat balance is
calculated as a per cent of the total feed enthalpy. It can be expanded
to handle two phase streams as well as just liquid and vapor. This

subroutine is called only by DATA and FINIGL.

SUBROUTINE HEAL
HBAL calculates the heat of absorption for each component at a
specified temperature. The heat of absorption used in this program is

calculated as the difference in vapor and liquid enthalpy at a tempera-
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P

wure, It is celled wherever the need for heat of absorption values

.
o ey e
GLEe8,

SUERDUTINE CSUEP
THUBP calovlates the heat capacity or the derivative of enthalpy
with respect to fLewperature for each component either as a vapor or a

liguid depending upon which is requested.

FUNCTION COMPK.
COMPK is the subprogram that calculates the vapor-liquid equili=-
brivm ratio for a specified component and temperatures. COMPK can be

called by many subroutines (see Appendix B).

SUBROUTINE ERROR

ERROR terminates calculation for a given problem and prints compu-
tational variables at the time of the error. Control returns to MAIN
and a new problem Is read into the computer by DATA. ERROR can be

called from within any iterative calculation loop.

SUBROUTINE NOTE
The subroutine NOTE provides insight directly into the subroutines
APSORE, TOPCOL, HBAL, ADJUST, and FINIGL., NOTE has no use in calcula-

ticn, but merely serves in error analysis.



65
fﬁput»Data

The input data for the program associated with this thesis is

arranged as follows:

Card 1 "Problem Identification”
This card is used for identification of the program. The identi-
fication can be either numeric or alphabetic.
READ: PID
FORMAT : 1246
Card 2 "Column Variables"
This card contains column variables which describe the simple

absorption system.

N Number of Trays

NCP Number of Components

MFD Number of Feeds (always two)
P Column Pressures

READ: N, NCP, MFD, P

FORMAT : (313, F10.4)

Card 3 "Control Variables"

Thi

N

card contains the control variables which are discussed below.
KLOOP  Lean Oil Option

KLOOP
KLOOP

1 The lean o0il rate is specified in the input data.

2 The initial estimate of the lean oil rate is given in
the input data. The program then adjusts the lean oil
rate to the correct values.

¥KLOOP = 3 The initial lean o0il rate is estimated by the program.

i

KX  Intermediate Output Variable

KX = 0 The intermediate ocutput from each major iteration is not
printed.

KX =1 Tre intermediate ocutput from each major iteration is
printed.
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KI'  Initial Temperature Profile Variable
KT = 0 The intial temperature profile is calculated in the pro-
KT =1 %izminitial temperature profile is given in the input
data.
JOB  Inidviduzl Subroutine Output Variable

JOB is internzlly converted to binary mode with the integer 1
causing output and O skipping output. There are five subroutines with
this capability, ABSORB, TOPCOL, HBAL, ADJUST, and FINIGL. JOB can
have values from zero to thirty-one‘(25 - 1), Except for error analy-
sis and debugging, JOB is set at zero.

READ: KLOOP, KX, KT, JOB
FORMAT: 413
Card 4i "Component Identification"

This series of cards (one for each component) identifies each

componént used in the calculation.
READ: CoMP (J)
FORMAT : 1246

Card 5 "Absorption Variables”

This card identifies the key component and specifies the recovery
fraction. For a specified lean oil rate (KLOOP = 1), the recovery
fraction may be left blank.

READ: KEY, ED
FORMAT 13, Flo.7
Card 6 "Convergence Limits"

This card contains the principal convergence l;mits of the program

or rather the maximum error that will be acceptable in a solution. The

variables are listed below with a suggested value included in parenthe-
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sis,
ER]1 - Heat balance limit, fraction feed enthalpy (0.0001).
ER2 ~ Material balance limit, fractional difference between
succeeding values of shrinkage (0.0001).
ER3 - Temperature agreement limit, degree F (0.01).
READ: ER1, ER2, ER3
FORMAT : 3F10.5
Card 7i "Equilibrium Coefficients"

This series of cards (one for each component) contains the coef-
ficients for equilibrium constant. Each card contains the coefficients
of one component in the same component order as Card 4i. The equili-
brium constant is calculated by the equatien.ofithe . form

In K = AKL + AK2/T'+ AK3/T2 + AK4/T>
NOTE: All thermcdynamic and equilibrium data must be curve fitted
against temperature of the form °R/100.
READ: AK1l, AK2, AK3, AK4
FORMAT : 4E14.8
Card 81 "Wapor Enthalpy Coefficientsﬂ

This series of cards (one for each component) contains the coef-
ficients for compcrnent vapor enthalpy as a function of temperature,
°R/100, of the form

HV = AVL + AV2 x T + AV3 x T2
READ: AVl, AV2, AV3
FORMAT : 3E12.6
Card 91 "Liquid Enthalpy Coefficients"
This series of cards (one for each component) contains the coef-

ficients for component liquid enthalpy as a function of temperature,
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°R/100, of the form
HL = ALl + AL2 x T + AL3 x T2 .
READ: ALl, AL2, AL3
FORMAT : 3E12.6
Card 101 "Feed Variables"
This series of cards (one for each feed) contains the column feed
position and condition with the lean oil being the last card in the

series., The variables are:

NFD feed tray number;
MOF mode of feed; o
TFD feed temperature ( F).

The feed streams presently can only enter\ihrtwo conditions but
provisions have been made to facilitate expansion. The feed conditions
of MOF are:

MOF = the feed is all liquid at a specified temperature;
MOF = 2  the feed is all vapor at a specified temperature.

READ: NFD, MOF, TFD

FORMAT: 213, F1l0.5
Card 111 "Component Feed Rates™

This series of cards (one for each feed ).contains the component

feed rates for each feed stream with the components in the same order
as Card 4i and the feeds in the order of Card 10i. If the lean oil rate
is to be predicted internally (KLOOP = 3), its feed rate may be in terms
of mole fraction. FD is thé component feed variable.

READ: FD(1,J)
FORMAT : 6F12.6

NCTE: Each feed begins on a new card.
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Card 12 "Operational Variables™
This card contains control variables to over ride those set up by

the program. The variables are:

NOIL number of the lean oil, unless specified it is
assumed to be the last component;

SHRINK estimated shrinkage for the first iteration;

TABS terminal tray absorption, unless specified it is

set by the program at eighty per cent.
READ: NOIL, SHRINK, TABS
FORMAT: 13, 2F10.7
Card 13 "Initial Temperature. Profile"
This card contains the initial estimates for distharge gas, rich
oil and average temperatures in °F and is present only if KT = 1 in
Card 3.

READ: DG, TRO, TAV
FORMAT : 3F10.5



APPENDIX D

EFFECTS OF VARIOUS HEAT BALANCE LIMITS

ON SUJATA RESULTS

In the Sujata tray-by-tray absorber method, programmed by Spear
(14), material balance and equilibrium relations are used to determine
component absorption on every tray. When correct vapor and liquid rates
are found for given temperature profile, heat balances are used to
correct temperatures on every tray. The calculation continues until
ligquid and vapor rates and temperatures no longer change. The itera-
tion veriable is tray temperature and convergence is measured by heat
balance,

The criterion of heat balance convergence 1s an error less than a
specified fraction of exit stream enthalpy for each tray. Convergence
pooblems occur when severe limits are used, while temperature discrep-
ancies appear when limits are relaxed. The small errors introducéd
by approximate convergence may cancel or cgmpound. The simpte aksorber
initial temperature profiles are provided by linear interpolation of
feed stream temperatures. In the simple adiabatic absorber the final
temperature profile will everywhere be higher than the initial profile.
Thus, successive estimates approach the final temperature from the same
direction. The errors per tray are then additive and significant.

Figures 6 and 7 show the effect of vatrious heat balance limits oﬁ

the standard absorber with 100°F and O°F feed respectively. The conver-
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gence iiwmlts are presented as a per cent of the exit stream enthalpy.

The same convergence limit does not entall the same temperature accuracy

kexr calcoulaticon method, there are plausible modifications:
1) since the Sujata iteration varlable is temperature, a tempexr-
ature convergence limit instead of a heat balance convergence

limit would be reasonables

2; computing time might be shortened 1f the program initially
ran with a more relaxed convergence limit than finally de-
sired. Ag the estimate of the le;n 0il rate is improved, the
convergence limit could be tightened;

3, to diminish over-all error introduced by minor deviations in

heat balance on each stage, final temperatures on adjacent

stages should be approached from opposite directions.



APPENDIX E
SAMPLE CALCULATION

An absorber operates with eight theoretical trays at 300 psia.
Lean o0il, octane, enters at 90°F and a fixed rate of 20 moles per 100
moles of rich gas. The rich gas enters at 90°F and its composition can
be found in column (1) of Table XVI. Determine the product of stream
compositions and temperatures.
BASIS: 100 moles of rich gas
SOLUTION:
I, PRELIMINARY CALCULATIONS

A. Assume total shrinkage = 15 moles.

Set end tray shrinkage,w’, at 80f%.
Estimate average L/V and assume constant

(L/V) — lean oil + shrinkage
' rich gas

(L/v) = 20% 15 = 0,35 ,
100

B. Calculate enthalpy and heat capacity of feed streams.

735065 Btu

Rich gas enthalpy =% (1) x (3)
1163 Btu/OF

Rich gas heat capacity =%£(1) x (4)

o

486308 Btu

Lean oil enthalpy =¥ (2) x (5)
2163 Btu/°F

Lean oil heat capacity =X (2) x (6)

i

C. Estimate total heat of absorption, assuming all 15 moles
has a heat of absorption between those of ethane and propane.

Abgor = S(aHgy + Afgy)/2
15/ (9417-5888)+(12922-6981) _//2.0

1j

AHrgr-
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COMPONENT
METHANE

ETHANE
PROP ANE
N-BUTANE
N-PENTANE

OCTANE

'1.888
2.373
0.167
0.000

20.000

n+l
70«

15.

10.

%o

BH-I035°F

1157.
3346.
5762.
7310;

9163.

24439,

1o
0.

Q.
o 28
O.

Ge

20.

V2
69.691

14.476
TeT33
0.300
0.000

‘0300

TABLE XVI

SAMPLE CALCULATIONS

86.342

3 4 5 6 7 8 9 10 1 12
VAPOR - 90°F LIQUID - 90°F
T Hy Cp = " H Cp ' K-HI35°F A v, tn K-103.5°F X;
5435, 8.95 4105, 20.13 10.3200 0.0339 67.626 2.374 10.080 0.0780
9417. 14.89 ° 5688. 26.83 2.176C 0.1608 12.588  2.412 2.053  0.0713
12922. 19.40 698l.  30.95 0.7535 0.4645 5.360  4.640 0.695 0.0896
161654 23.04 8648. 36,62 0.2724 1.2849 0.133  3.867 0;247 0.0063
19480. 27.46 10096. 42.04 0.1049 3.3365 0.000  1.000 0.000 0, 0000
| 49279.  T13.41 24319. 108.15 0.0061 57.3400 0.348 19.692 0,000 0.0000
: 86.055 33.945 0,2452
6 17 - 18 19 20 21 22 23 24
6%403.5°F HV-|O35°F HL- ‘ “ 35 CpL ATO P ABTM AAV E vl . ln
9.05 5555, 4548, 9.04 0.0305 - 0.0342 0.0300 67.616 2.384
15.08 9618. 6473,  15.06 0.1496 0.1619 0.1430 12.616 2.384
19.65 13183, 7657, 19.62 0.4419  0.4675 0.4145 5,562 4.438
23.5% 16477. 9445. 23.46 1.2467 1.2911  1.1492 0.211 3.789
28.03 19810. 11008. 27.89 3.3161 3.1360 3.0000 0.000 1.000
75.40 50275. 26665. T3.41 59.5500 57.7900 51.9400 0.337 19.633
S : 33,658

GL
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iﬁHTOT = 71025 Btu
D. Estimate initial column temperature found by mixing the two
feeds and adding the estimated heat of absorption. The equa-
“tion fer this calculation is
T =T+ /[ Hygp - CPIG (Tyg - T;o)_//(CPLO + CPIG)
T = 90 + 71025/(2163 + 1163)
T:= 90 + 21.35 = 111.35°F .

Assume all temperatures are equal -

—_ — — o]

II. ABSCRPTION SECTION
A. Find the K values at 111.35°F / Engineering Data Book (16) /.
B. Calculate individual absorption factors
A= -}%—(L/V) .
C. Calculate drvy gas composition with equation (11) assuming
constant absorption factors for the first iteration.
A

= A A

Top ~ SBTM T SAVE

D. Calculale rich oil'rate
(1) + (2) - (9) = (10).

86,055 moles
33.945 moles

Total Dry Gas =+ (9)
Total Rich oil= #(10)

HE

Calculate shrinkage = 100 - 86.055 = 13.944 moles.

III. TOP TRAY EVALUATION
A. For the first estimste the top tray temperature was assumed to
be 111.35°F, This calculation section refines the value by
corbining pseudo-bubble point and heat balance techniques.

The procedure is iterative and could begin with the previous
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estimate, 111.25%F. Since the lean oil with a relatively
large specific heat enters the top tray at 90°F, a tempera-
ture lower than 111.35°F would be expected. For convenience,
assume the top tray temperature, Tpg, is 103.5°F and find the
K values,

Calculate liquid mole fraction for all components in equili~

brium with dry gas except the lean oil.

vi (9) .
i VK T 86,05 x (11) T (12)

Fill the wvoid in the mole fraction with lean oil,

Xlean oil = 1.0 - &(12) = 1.0 - 0.2452

X{ean oil — 0.7548

Determine the liquid leaving the top tray.

I, = moles lean oil = 20 = 26.48 moles
lean c©ll mole fraction . 7548

Calculate composition of top tray liquid.
1, = Lyxs 5 (13) = 26.48 x (12)
Determine the heat of absorption released on the top tray.
A =E(1,-1) H, =E/ (13)-(2)_/x(14)
AHpgp = 23,600 Btu
Since the lean oil heat capacity is greater than that of the
in-gas, use equation (34) to determine the dry gas tempera-
ture., The first step is to calculate the vapor entering
tray 1 from tray 2.
V2:Vl+ll - lO
(18) = (9) + (13) - (2)

Calculate the heat capacity of V2°
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CPNEXT :prvz =7 (18) x (16)
CPNEXT = 1031 Btu/OF
Estimste temperature on tray 2:

1. Linearily interpoclate between terminal values;-

il

T; = 103.59F

Tg = 111.35°F
To(linear) = 104.48°F
2.  Correct for the difference between the column average
and the linear average temperatures;
CORRECTION = 111.35 - (103.5 + 111.35)/2

CORRECTION = 111.35 - 107.42 = 3.93°F

3. The temperature on tray 2 is the linear value plus the
correction calculated in step 2
Tp = 104.48 + 3.93 = 108.41CF
4, Find the temperature differehce, eT.

AT =T, - Ty = 108.41 - 103.5

Calculate a new estimate of the top tray temperature, Thas
from equation (34).

Tpg = 90+ / 23,600 + 1031(4.91) //2163 = 103.26°F
Ordinarily the calculation scheme outlined in this section

would be repeated with the new estimate of Tpg until little

or no change occurred in successive values. Since the old

and new values are very close, the average value is taken for
brevity rather than repeat the entire calculation.

Tpg = (103.26 + 103.5)/2 = 103.4°F
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HEAT BALANCE SECTION
A, Calculate the enthalpy of dry gas stream.
F(9yx(17) = 633,490 Btu
B. Calculate the enthalpy of the rich oil at the assumed tempera-
ture 111,35CF,
- 2 (10)x(18) = 587,082 Btu

C. Check assumed rich oil temperature by over-all heat balance.

ENTERING , LEAVING
Lean 0il 486,380 Rich 0il 587,082
Rich Gas 735,065 Dry Gas 633,490

1,221,445 1.221.572

The assumed rich cil temperature is correct. If the temper-
ature were not correct, a new estimate for Tpp must be made
and computgtion returns to part B of this section.
D. Compute the dry gas heat capacity.
CPDG =7 (9)x(19) = 935 Btu/OF
E. Calculate the column average temperature using equation (37).

103.4 + /935(111.35 - 103.4) + 66479(1.0 ~ 0.8) /

Tave
AVE 935 + 2163

— o
Tpyg = 110.1°F

ADJUSTING SECTION

|
The assumed shrinkage was 15 moles while the calculated value was

13,945 moléso For direct iteration the new estimate for the total

shrinkage would be 13.94% moles. Experience and insight can over ride

direct iteration and the estimate shrinkage is 13.765 moles. With this

information new L/V ratios are calculated.

A, Calculate L/V at the bottom of the column.

(L/V), = rich oil
BIM °° Tich gas - gas shrinkagé.across the-bottom tray
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AQ
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(L/V) - 20,0 + 13.675
BIM ™ 100 - / 0.8(13.675)-(26.48-20)_/

33.675 = p,3505
95,54

(L )gm

Calculate L/V on the top tray.

— liguid leaving tray 1
(L/V)TOP - dry gas

26,48 = 0.3067

L/V,
(L/ )TOP 100-13.675

Compute the average L/V using equation (38).

(LN = 33.675 - (100 - 95.54)
/e 95.54 - 0.05 x 13.675
(L/V)pyg = 0.308

. ABSORPTION SECTION

Calculate the individual absorption factors for the top
tray, Atgpe
Argp = (LN )gp x 1/K at 103.4°F = (20)
Calculate the absorption factors for the bottom tray, ABTM“
Agry = (L/V)gmy % L/K at 111.350F = (21)
Calculate the average absorption factors, AAVE“
AavE - (L/V)avE x 1/K at 110.1°F = (22)
Calculate the dry gas composition from equation (11) using
equations (31) and (32) to evaluate g% and yf.
Determine the.rich 0il composition.
(1) + (2) - (28) = (24)

(
Z.(23)
F.(24)

86.342 moles
33.945 moles

Total Dry Gas
Total Rich Dil

il
i

Shrinkage = 100 - 86,342 = 13.653 moles.

Since the estimate shrinkage, 13.675 moles, and the calculated
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shrinkage, 13.6%53 moles, are close, the latter value is taken
as the solution. Had the difference been substantial, then

the caleulation loop would have been repeated.
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