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SANNED PHASING OF WORK FOR
OPTTMIZATION OF 'COAL GASIFICATION PROCESSZS

0GR CONTRACT ~1L=01-0001=L§7 )
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(A) Information gathering and assimiletion.

' To consultscollect review and classify irnformation relating to
coal gasification processes in the literature.from OCR contractors,
or ot‘n..rs.

(B) Sensitivity Study.

To study each step in the various gasification processes to determine
steps ard process parameters which are critical from those which are
:.ns:.gn:.flca.nt in the optimization of the processes.

(C) Development of g_heral optimization technicue irvolving irformation
uncerta:.n::tv.

To uevelop general mathematical optimization techniques appliczble
tc the obtimization of processes molmg urccertain or changeable
systen functions, such as heat and mass transfer coefficients, kinetic

* and thermodynaric- constants, onarat:.ng conditions, marketing information,
ete.

(D) Ahg,_vsis and optimization of various processes.
_ To 2nalyze various gas:i:ficauion processes and $o determine the

nost effective optinmization-technique for each process and to develop a
- new techm.aue, if the enst:.ng ones are “inadeguate.

(E) Develovment of computer 'zﬁrogra.m.

To -develop comprehensive computer programs to determire optimmm
operating conditions of the wvarious gasification processes and
subsequent ges treatment including optimum design of reactors and
purification systems, optimum coal supply, transportation, bty-product
utilization, etc.y to arrive at the most practical and most economical

. gasifieation process. o

(F) Gompanson, evaluatlon ‘and. recomendat:.on.

k To- oomp:’le and’ mberpret 'bhe comu:ber Tesults in practical
... commercial terms and- to . conpare the various proposed schemes recommemding
the most: econom:.ca].lv attracted coal-gas:.f:.cat:.on. Processes,

. (3) Finzi report preparation.

To prepare a complete, final technical report covering all phases
of work under this contract.
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0ffice of Coal Rescarch
Contract No. 1L-Cl-0001-L97

Informstion gavhering zrd assimilztior have been coniinuwed. In
this comnection, Trofessors Ezilis, Farx, (alli and ¥en perticivaied
as the UZTice of Co2l Rescarch coutractors meeting on Jamwary I7
and 18, 1957 at the Sibtuninous Cozl Ressarch, Incorporated in Fitisburgn.
Sorme of the lufermation from Pittsburgh Consolidztion gnd Eituminous

Cosl Reszearch have been received anc they ars row bheinr reviewed.

Toe sensitiviiy study 1s alsc beirng ceontimeed. Two Trpes of

sensiiiTity studies are being condueted. Cne lnvolves uncertzinty

parzrmeters when complete 4dats are not zvailable. Linother cne involves

oregared. “Tnen this is completed, cories will bte sent Immedizvely

~Nnss

+o the 227ice of Coal Research.
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to

Office of Co2l desearcn
Contract Yo. 14-01-0001-497

Information gethering ard assimileatisn have beerz contirued.
With an excertion of the =oltea salt trocess of the X, ¥. Kellog
Comzary, the currert informaticn oz the progress of cozl gasificaticn
from the OCR contractors, Institute of Gas Techrologr, Zituminous
Coal Research, and Consolid=tior Coal Comzany, have been received
regulzrly. These reports zre row beirg reviewed and classified
tc eveluste the recessery informetiorn for ontimizztion. The degree
of rrogress of the first guarter op the various pnases of work
nave been roughly estimeted and are tabulated on the attached page.
Altkorgh the chart irdicastes 2 slow start of tke project, an acce-
leratior is exgected in a few rmonths when new staff merters report
to worke

A study on optizal desizn on coal ga.sifica".;ion.systez invol-‘
ving system parameter-uacertainty kzs been ma&e; A report of this
studr is attached. ™ith the techricue develored, it is possible
row to arrive at an ortimal design even theough some process irfor-

mation may te upavailable.

Signed. ( /q !{Z&‘\«/

c. Y. }/en, Project Leader




PROCRESS OF ¥O2K FOR
OFTIMIZATION OF COaL GASIFICATION PROCESSES
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(4) Information Gathering and issimilation.

/ 15% =« work propesed to be completed in first cuarter.

8% - work actually corpleted.

(B) Sensitivity Studv.

g///// 15% - work proposed to be coxpleted in first quarter.

&% - work actually completed. {

(C) Developzent of Cerersl Optimizetion Technicue Involmg

Informatior Uncertcidive

////% 17,o - work proposed to be comrleted In first quarters

- work actt.nl_v coxpleted.




OPTI¥:L D=3IGX OF COAL GESIT1CATIDYN SISTZHES
INVOLVING PiRAMETTR-UNRCERTAIMIY

Two design criteriz were rroposec £or the ottiwmel desigrn of the
coal gasificztion syrstems involving parameter-uncertainty. Ope of
these design criteria mey e used to otiain an zpproprizte decision
which will keep the deviatilor of tae objective from the oztixal be-
havior witain =z certain tolerancs. The other criteriop assures a
minimr: averzge deviztion of tke objective froom the ortina over tre
razge of uncertsiztr.

Zxemples vwere giver to desopsirzte t2e aprlicadility of these
criteria tc the optimal gasificztion reactor design with tmcertaintsy

in kinetic cocstaise

Chemical Sngizeering Departzent '
West Virginia Uciversity
¥organtorn, ¥est Virginia



OPTIMATL DESIGX OF SISTEMS
INVOLVING PARAMETZR-UNCERTAINTY

In optimization, one seeks for an optimal policy cortairing various system
parameters, the values of which are assumed to be accurate, But often the
systen parameters of chemical processes such as, kinetic cozstaats, heat and
mass transfer coefficient, etc. are unkeown or known only approximately,
or are varying within a certain range due to the changing opersting conditions.

In order %o determine these parameters accuratelys a great length of
time and money must be spent, often beyond the justification called for.
Usually, a cost estimatiorn is necessary before arrivisg at a decision whether
or not to construct a certain plant. 7To be anyway meaningful the estimation
mst be cbtained under the optimum conditionse. In other words, to determine
how profitable a chesen process is over other alternate processes, an economical
comparison should be made based on each process operating at its optimum
conditions. This means that it becomes often necessary to optimize the
processes without accurate information of these parameters. Also Iz many
instances, a process may have varying system parameters which are changing
due to operating conditions. In these cases, a reasonable design criterion
met be establisheds Tt is obvious that an optimal policy obtained based on
an approximate or a spetific value of the parameter would not necessarily
give the best pro:.fit obtainable, Consequently, it is not appropriate to
derive an optimal policy simply based on some specific value of the parameters
when they involve a range of uncertainty. Therefore, some sort of design
criteria must be developed so that an appropriate policy ,(;iecision) can
be selected which will result in a profit (cost) close to the maxims (minima)
obtainable in the range of parameters considered.

There are several decision criteria available which provide economic

strategies for decision making under uncertairty (3). The most commonly used
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criteria for the design of processes involving parameter-uncertainty has been
maximizing expected profits or minimizing expected costs (1). According to
this criterion, an appropriate decision is the one whick gives the largest
(smallest) among all possible expected profits (costs)s In other words, the
optimality of a given decision is measured by the expected value of the objective
functions Since we are looking for a decision which will give the profit close
to that resulted from every optimal policy over the range of paramsters, this
criterior cannot assure us such a decision. Moreover, when a policy whick
will keep the deviation from the optimal behavior within a certain tolerance
is to be chosen, some other kind of eriterion is reeded.

In searching for appropriate design criteria, we have noticed the recent
work by Rohrer and Sobral (5). They proposed design <riteria by imtroducing
the so-called relative sensitivity for designers to find a single controller
for many similar plants or to find a comtroller for a single changeable
plant. These criteria may well be adapted in optimal processes design involving
parameter-uncertainty.

The relative sensitivity is defined as the normalized deviation from the
optimal value of the objective function (5). let J, 90:and W be objective

function, decision variable and system parameter, respectively, The relative
sensitivity, S, is then expressed as

S(w, 8) = LW, 82 = G, o)l

1l
13Ga, 301 )

where ¥ is the optimal decision for parameter W in its admissible domain 8,
and, }. )
J(W, 8) = max {J(W, 6)¢. or min W, 8) (2)
s { 52 b o}
Note that the optimal value of S(W, 8) is zero and that S(W, 8) is always

positives Onme of the design criteria proposed is to find a decision sc as to
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ninimize the maximum relative sensitivity., Namely, this decision, 9*, is

ob+ained from

5(6*) = min {max [s(, ©)1 } (3)
ge® * W

In choosing 6%, first we find the largest normalized deviation over the
range of the parameter. This assures that no matter how the true value of
the parameter turns out to be, as long as the true value exists in this ranpe,
the normalized d_eviati;n will not be larger than this largest value. Con-
sequently, the decision that minimizes the maxSirnm relative sensitivity is
appropriate for the design of the system irvolving parameter-uncertainty, when
a critical tolerance must be satisfiesd.

The other design criterion is to fird a decision So as to minimize the
average deviation from optimal behavior. The average deviation (or the expected
deviation)may be defined according to the probabilistic distribution of the
system parameter, namely,

sE(e) = r S(wW, 8) £(W) & )

-
vhere £(W) is a density function of W and £{¥)d¥ is defined as the probability
tha}; W will fall in the range between W and W + df, The proper decision
according to the second criterion is then obtained from

s =mn {s%0)= [ s, &) e} )

ed -

Namely, the decision 8" is the one which minimizes the- expected relative
sensitivity, Differert from the expected profit eriterion mentioned above,
the optimality of a given decision according to the criterion of Eq. 5 is

measured by the expected deviation from optimal behavior. In other words, we
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are always trying to keep the process to perform as close as possible to the
ootismm over the range of uncertainty.' Since the ortimal performance of a
process is what we asre seeidng for, the design criterion of 2Zq. 5 is more
meaningfal in comparison to that miniwizing (marimizing) expected costs {profits).
When no critical tolerance is reaquired ir the cesign protlem, this criterion
is useful for the design of a process with parameters that are (a) inacctrate
or (b) varving due to the changirg overating conditiors.

In the following, we present two examples showing how these criteria can

‘te applied to the optimal reactor design with uncertainty in ldnetic constants.

Example 1 Optimal Temperature for ar Zxothermic Reversible Reaction

Racently Ray and Aris (L) have investigated the effect of the errors in
the kinetic constants on the maximum reaction rate for a general homogensous
exothermic reaction. Their results allow one to decide, in order to keep the
deviation from the maximum reaction rate within a certain tolerance, (a) box
tight the terperature cortrol shovld be if kinetic ccnstants are knmown exactly,
(b) how accurate the estimates of kinetic constants should be if the temperature
is perfectly controlled at its optimmm corresponding to the approximated
values of kinetic comstants and {c) the corbined effect of parameter and
control errors. Bowever, a question may be asked: "What will be the best
choice of the reactor temperature so that the deviation from the maximum
reaction rate is within a critical tolerance when the kiretic constants are
not kr-own exactly but are known to fall within a certain range?® A4 reasonable
criterion is to choose a temperature which minimizes the maximum deviation
from the maximum reaction rate, namely, the criterion as given in Eq. 3.
An illustration is shown below.

Consider a first order, reversible reaction A= B. Let x be the mole

fraction of B, and k and k' be the forward and backward reaction rate constants,
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respectively. If the Arrhenius form is employed:, they are expressed as,

k = i exp (- E/RT), k' = &* exp(~ Et/RT)e
Then the reaction rate expression is
r(Ty x) » k(1 « x) - k'x (6)

For an exothermic reaction, E!> E, at a given composition, there exists an
optimal -t.empera'buré for the maxioum reaction rate. It may be cbitained from
?3r/3T = 0, ard is given by

o = (E‘—E)/ R1n [ &8 ]} (7)

The maximmm reaction rate is then expressed as (T, ' x) by substituting

Eg. 7 into EQ. 6. The system parameters of this reaction are E, Ef, &

and A', but they are related to the thermodymamic constanis. The activation
energies E ard E! are related by E - E' = AH, where AH is the heat of reaction,
and 4/A! = KX can be obtained from the equilibrium constant of the reaction,

KQ" as
E,(T) = K » exp(-45/RT)

The thermodynamic constants, AH and X, are easiex to obtain than the kinetic
constants and are usually known. If an experiment is performed and a rate
copstant k at a certain temperature is obtzined then A can be related to E.
Conseq;nsﬁ:bly, the four parameters are now reduced to one independent parameter,
E. |

As a mumerical example, let AE = =10,000- Btu/lb mole, K = A/A' = 0.0126
and from an experiment, A = 1690 exp(E/2000)s Consider E as the independent
pa.ra:eter: which is estimated to £all in the range from Ly000 to 16,000 Btu/lb moles
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6.

For a specific value of E and for x = 0.8, we can caleulate the optimal
temperature 'T,, from EG. 7 and the reactior rate from Eq. 6. Now the appro-
priate temperature for this reactor design with uncertainty in E may be
found from Eqs 3 as

S(T*) = min max [1 - r(Ty E) r(Tm, E)]} :(8)

T L1000 SE <16000

As shown in Figure 1, the minimax of the relative semsitivity, S(T%), is 10%
occurring at the intersection of E = 4,000 and T~ = 775°R. This simply
means that if we control the reaction temperature at 775°R, we will obtain
a deviation of at most 10% from the maximum reaction rate for the range of
E considered. Any other choice of temperature will cause larger maximum
deviation.

The design criterion given above can provide nct only an appropriate
choice of the decision variasble but alsothe maximum dewiation from the optimal
value. If this maximm deviation is more than that can be tolerated, more
accurate estimates of the parameters is needed. Using the above example, if
the maximum deviation of 10¥ is too large, the range of E must be further
narrowed, for instance o between 6,000 and 14,000, then T" becomes 780°R.
and the maximm deviation is reduced to 5%.

The necessary equations for finding an appropriate temperature for a
geners]l homogenecus reaction may be derived. It has been shown (4) that the
optimal temrerature for a gereral homogeneous, reversible, exothermic and
elementary reaction can be obtained from

g =X+ 1/ 1n(1 + 1/p) (9)

and the relative sensitivity of the maximmme reaction rate is

S(t3n,p) =1-2( 131 p)/*{ 15 1, p)




4000 . 8ooo 1000 | oo 16000
- activafionvanefgy , B ( Btu/1b mole ) '

?igu%e 1._Rolab1v§‘éqﬁsitivity of maximum reasction réte. .

*L



Be
=1+pexpl-n(1+p)T- )] +plexp [ -mp(7 = Tp)] (10)

where
a
T = <AH/RT, X = h(mdd/ﬁ)s n= (Tj - sj)/aj and p = -E/naH

Substituting Eq. 9 in Eq. 10, one obtains
1+p
S{rynyp)=1+ %— expl -mp(7 -1X)] o {exp[-n(f- )] - 1} (1)
where n and p are indeperdent parameters of the reaction which are related
to the reaction orders and the activation energy, respectivelyv. These two
parameters must be obtained experimentally, and are usually very difficult
to determine accurately. Ihe:r values, however, may be estimated within a
certain range, as n, Snsn and px. <P SP*.
Then the design criterion of Eqe 3, becomes
s( 1) = min 5 mr _ [S(r;p, 0)] (12)
T Re<ns<sn
(p.,, spsp
Sumerical computation has shown ihat the maximmm of S(T ; py, n) for any T
occurs at one of the four points: (p%, 1 )y(P%y Na)s(Pys 1) and (pys 1, )e
This makes the task of finding a minimax mmch easier since Eq. 12 may now
be redunced to

S( T7) = mjn {mIS( T3P s 3 )s ST 3 P s i)y S( 73 Res 1)y SC T35 P n;)]}

(13)
To obtain T, one has only to calculate those four values of S for each T

and find T¥ which corresponds to the smallest value among the maximmm S.

Example 2 Optimum Over-Design of a Reactor

To illustrate the application of the expected relative sensitivity




Fe
criterion of Eq. 5 and to compare it with the expected cost criterion, we
consider the following numerical example originally considered by Levenspiel (22
and later used by Kittrell and Watson to illustrate the expected cost criterion (1)e

Consider a reaction A—EaR with rate r = kCp where k = 0.2(hr)'1.
The production rate of R is 100 g-moles/hre The feed consists of a saturated
solution of A(L‘:A o = 0-1 g-mole/1l.)e The cost of the reactanmt in the saturated
solution is ¢, = $0.50/g-mole of A. The cost of the complete mixing reactor
inclnding installation, auxiliary equipment, instrumentation overhead, labor,
depreciation, etc., is ¢y = $0.01/br.l. What size of reactor, feed rate Fyq,
and conversion X, should be used for optimm operations? The total hourly

N

cost is

For the complete mixing reactor,

Fpoln '
T BT ' o

Noting Fyq = 100/X, the total cost can be expressed as a function of V and
k,

c,(V, X) = 0.01 7 + 50 /(& - 1000) (16)
dey
The optimun volume, 7, is obtained by letting 37 = Os nawely,

7 = 2000 (1 +4Bk)/x an
The optima are found to be:
X, = 0,55 Fpg = 200 mole A/hr, T = 10,000 1ay o, = 200 $/hre

The optimm reactor size is 10,000 liters provided we have confidence in the
accuracy of the rate constant, k. However, k is determined experimentally and
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is kmown to fall in a certain range with some probability density function.

Zittrell and Watson (1) have solved such parameter-uncertainty problem by
applying the expected cost criterion. The optimum designed volume, V*, was
obtained from

min { r ey (7, k) £(k) dk} (18)

where £{k) is a depsity function for k. If k is distributed rectangularly

in the interval,(0.2 = Ak) to (042 + Ak), £(k) is defined as follows:

-‘,,_—J;k- 0.2 - Ak s k < 0+2 + Ak (29
£(k) = (0] otherwise

¥hile applying the expected relative sensitivity criterion, the optimmm designed
volume, V*, is obtained from

n-;n { j:S(V, k) £(k) dk} {20)

swhere S(V, k) is the relative sensitivity of the total cost, namely,
e (Vy k)
et(Vy X)
Assuming that k is rectangularly distrituted, the optimm over-design was

S(V, k)= -1 (22)

obtained from expected relative sessitivity criterion of Eg. 20, as shown in
Table 1, and is compared with that obtained by Kittrell ard Watson (1) using
expected cost criterion of Eq. 13. It is seen that the present criterion gives
lower over-design thar the expected cost criterion. Thbe difference becomes
larger as the range of uncartairty increases. The reason why the present
criuriongijn]movuhdcsipisthta:eactorvoluunmrdndbr
minimizing the deviation from winisum cost correspondiog to each k in the




Range of Uncertainty

24k, (hr)-1

Table 1. Comparison of optimum over-design obtained from expected cost oriterion
and expeoted relative sensitivity oriterion.

0,05
0,15
0419
0420

Expeoted Gost (Qriterion §12

Expeoted Relative Sensitivity Criterion

Optimum designed Amownt of Optimm designed Amount of
volume, liters over-design, & volume, liters over-design, %
10,110 1.1 10,090 049
11,140 1. 10,950 9.5
12,100 21,0 11,760 ©17.8

12,428 243 12,075 20.8 .

Tt
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range of uncertainty. This can be further discussed based on Figure 2. As

Shown in this figure, Curve A is the total cost over the range of k resulted
Lrom the expected cost criterion, Curve E is that resulted from the expected
relative sersitivity criterion and Curve C is the locus of the minimm total
cost correspondirg to each ks In choosing an appropriate volume, we want to
choose the resulted curve, for example, Curve B, to be as close as possible
to Curve C. Therefore, the clcseress between Curves B and C has to be defined
in 2 meaningful waye The closeness may be measured by the difference between
the two curves for each k. However, this does not take imto account the
magnitude of the cost for each ke 4 larrer difference may be allowed if the
cost js higher. Therefore, it is more meaningftl to measure the closeness

by the relative sensitivity, the fractional difference between Curves B arnd C,
as given in Eq. 21. Curve B is obtained by choosing a volume such tbat the
average of this fractional difference is a minimum. Consequently, the optimmm
de;:_‘.gn volume obtained from the present criterion, can assure us a smallest

average deviation from the minimum total costs over the range of k comsidered.

gonclusions

The design criteria of Egse. 3 and 5 have been meaningfully applied to
the optimal design of the systems involving inaccuracy inthe values of the
parameters. The design criterion of Eq. 3 gives the mirimax of the deviation
from the optimal behavior, from which one can decide whether a more accurate
estimate is needed by comparing the minimax with the tolerance limit. When
one is Seeking a decision for the system with inaccurate or changing values
of the parameters in which mo critical tolerance is present, the desigr criterion
of Eq. 5 should be particularly effective.

Some examples illustrated here have demonstrated the usefulness of the
proposed design criteria. The ootimal temperature for a reversible ard
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- A= 12425 1., optimui denimod volnme,
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0.1 o 0,2 1
o rate constant, ky{ hr)
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exothermic reaction has been determined by the prorosed de_sign criteria. The
minimax of the deviation from the maximur reaction rate is 10% for + 60%
error in the activation energyv. This indicates that a 1é.rge error in estimates
of activation energy can give the deviztion from the maximum reaction rate
mth:Ln a few perceptage, agreeing with the results obtained by Ray and Aris (L).
Mearwtile, the necessary equations for firding an aporopriate temperature for
a general homogeneous, reversible and exothermic reaction ty usipg the proposed
design criterion bave been obtained as indicated by Eq. 11 and 13.

Optimunm over-design for a reactor was obtained by the expected relative
sensitivity criterion. The optimum over-design so cbtained is lower than that
obtained by the expected cost criterion. By using this criterion, designers
can make sure that the result obtairned has a smallest average deviation from

the optimal behavior over the range of uncertainty.
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Nomenclature

frequency factor for forward, backward reaction

by A?

¢ = cost
CA,Cj = concentration

Ey EY

activation energy for forward, backward reaction
f(W) = density function for W
Fyo = feed rate of component A

J = objective function

L}

ks k!

E =4/

reaction rate corstant for forward, backward reaction

= chemical equilibrium constant

reaction rate

W oo e
]

= gas constant
S = relative sensitivity
SE = expected valve of S, Eqe L
Ts T° = temperature
T, = optimal temperature
7, 7¥ = reactor volume
Wy W = parameter
x = mole fraction
X = dimensionless extent of reaction
I, = conversion of component i

16.
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Greek lLetters’

ag = stoichiometric coefficient of species J
B = forward reaction order with respect to species j
Ty = backward reaction order with respect to species J
LE = heat of reaction
8k = range of k
= domain of decision varisble
@ = decision variable
T = optimal decision
T = dimensionless temperature
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OFTIMIZATION OF COAL CGASIFICAT . N FROCESSES
PROGRESS REFORT W. L MARCH 1967

to

Qffice of Coal Research
Contract No. 1Lh-01-0001-197

Information gathering ard assimiletion have been continued.
The wmenthiy - progress: reports of the molten szlt process', ¢t the
Y. ¥. Kellogg Compary are now being received. Heeting§ and dis-
cussions, among tke inves igators here and personnel from the
OCR contractors and the U. S. Burszau of Mires,were bhelde It has
been tentatively decided that the opti:riza‘ci'on of the gas clean-
ve process and the methanation process shovld be conducted first
since these processes are common to 211 the gesification 'process-
es under current studies. For this purpese, the Institnte of Ges
Technology in Chicego was vislted ard their work oz the methana-
tion project wes examined. The experimertal data obtained by the
Irstitute of Gas Techrmology has been gathered, and examinetion is
currently underway to determine whether or not the methanztior
frocess carn be optimized at this stage.

Studies on the sensitivity arelysis have also been contirmued.
Sensitivity of the objective functior to the variatior cf the
systems parameters in terms of absolute sensitivity (as omposed
to the relztive sensitivity) is corsidered. The absolute sensi-
tivity for (1)-continmuous process, (2) discrete process, and
(3) process describsble by a set of algebraic equations, are de- .
rived with mmerical examples illustreting application of the .

CA e
Signed - - N/ L —

C. T, 'in/ a s Project Dirscior

method.




OPTIIZATION 2F COAL GASIFICATION PROCISSES
PROGRESS REPORT NO.-r— ATRIL 1967
Y

to

0ffice of Coal Research
Contract No. 1h-01-0001-L5T

Irformation gathering ané assimilation have been continued.

A revort on absolute sensitivity is being prepared which will be-
ceme available in the next ronth's rerort. The absolute sensitivity
a2nalysis will yield informetion which can be used to differentiate
the varameters and variables that are criti +o the economy of

the vlant from those which rough estimation is sufficient for
optirdzatico.

In addition, optimization of methanation processes has beer
studied. The rrocesses chosen are (1) multitube fixed bed reacter
and (2) mltitrey fixed bed reactor. The studr includes process
anz2lysis, thermodynanics a2né kinetics azelysis, material and heat
bzlance, economic analysis and method of optimfzation. The secessary
ecuations for optimization are derived using the maxizmm principle.

¥omerical computation will begin as soon as the necessary data
are collected and accuracy checked. Gas clean-ur process aralysis
is 2lso started. The bhot-czrbonzte process is being studied and the

formlation of ecmations necessary for optimizetion has beer started.

o/

{ I/ i

e - -
C. T. Yen, Project Director
i
7/



OPTTIZATION OF C .5. ~'-. IFLCATION PROCESSES
FROGAZSS REPOAT M. 6 May 1967 ’

to

0rsice of Co2l Ressarch
Contract Ne. 1h-01~0001-L9T

Information gathe and assimilaticn have been contirued.
% report on absolutre seasitivity is atbached. The Zbsolute sen—
sitivity anaizsis devzlozed can ©te usad to oriain Informatiion on
how critiesl the parameters and varistlss strdisé -re to the

econorr of the Tlani. 4lsc attached Is 2 report on Fakenishils
secumentizl optimizatiorn techricue which can treat sorntinuous,
discrete ard stechastic vrocesses irvelvad in gaziiiccticn of cezl.
Optinization of metkanztion rrocesses Is belng corntirued.
Tha pacesszzyr eguctions Zor optimization zre taing derived using
maxirum ericeirle. Gas clean=-w trocess srzlysis is 21so teirg
continved.
The amount of yrosress of the secernd srarier on the various

thases of work kave been roughly estimcted and are takuloted

the attachsd pape. The chart indicates the progress of the project.

8‘
(22

e slow, but an accelerziion is expected 2s soon zs new stzff

merders are erclored.

G ‘¢/~' ",ijcAsJ:M 2t
/ ik
C. T. Wen, Project Director
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OPTIMIZATION OF COAL GASIFICATION PROCESSES
PROGRESS REPORT ¥D. 9 AUGUST 1967

to

Office of Toal Ressarch
Contract No. 1h-01-0001-L97

Optimization of methanation processes is beirg conducted.
T7e computer programizng for a fixed bed muiltitray metharator
nas veer completed. Partial results of the computation have been
obtzined, However due to the fact that the University's Computer
Coamtar Xas deen busy with the work t hat accompanies the close of
+he Summexr Session ard the degiaring of the f211 Semester and
also ére to the comprter brezkdowr, we were unable to use the
comprter for astroXimately three weeks. Instead of repertirng the
resnlt here, it will e compiled as a guarteriyreport in the
Septezber rerort. The sensitivity study is also being coxiined.
A4 decision making criterion is proposed for systems which are
sensitive to chapges in paramsters. This criterion is to xinimize
2 new objective function which is compossd of the original ob-
jection functior and the seasitivity functions. The decisioxz
obtained from this eriterior is compromisely ortimmm but less
sensitive. This criterion is mseful in making a suitable decision
for a syster whose parformance is very sensitive to the changes inm
system parameters, A modified =2igorithm of the maximmm principle
is developed to obtain az optimm trajectory of sequence according
to the proposed criterion. The amount of progress of the third
guarter of various phases of work have been estimzted and are
tabnlated cn the attached page.

Ot Hoy

C. Y. Wén, Project Director
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INTERTE 2077
ATTTITZATITY <3

Adtheougsi :esificantinr of 221 ‘o ri-2Tirs gas 2a2n ze gehisvad
T n cerzideravle virieid: of muies {8t luast Tour of such rouies ave
currertiy vnder extersivs studry urder ihe sponscrshiy of the 2ilice
©T Co:zl Research) it avre rs, anr srstes involving conversior of coad
wil® recuire zdditionzl unins Jor sorversisr of excess sarton mcnsxide

arc hycrogen tc methane irn orger fc rroduce = gas with tae heating
veive ectivzlert to naiurzgl rase
Inme magpiivde of methezration veries gzreatly dererding upon as

- omer e

et nnsetiled chaice of the nrocess ir the rrimery gasilicatiorn phases.
Ine of %he mafor aszrects iz the selectisn of the test way 1o zccomslish
the mrimary gasificziicn process is 1o Tind the amcunt of metbanatlion
wrich mest e crried out flor the most economicel srodeetion of pipe-
lize zzse.

I this regard, Torioas catalviic methenation Trocesses must be
examined and comrzred vnder their optimm desigmed conditioms. iccord-
ingly, three likely f2eds as showm cor Tatle 1 are selected Sor tae
ortimization study. Since it is Impossitle to rredict the execet
composition of the gaseous efflvent from the grimary coal gasificatior
processes, the corrositions of the three feeds listed oz Tatle 1
are 2pproxinzte  gas mixtures likely to come from tie primery gesifi-

tion phase, after ihe stbsecuerti adjustizg of the comzosiiior by

the water-gaes shift reaction ané rurificziior.



Tares tvoes of simele fiwed ted dewnflow catelyiic reaciars ars
considered. They arc (1) the internal hesi removal system, (2) the
cold saot cooling system, and (3} the recvcle srstem. The distinguishing
features zmonc the three srsiems are ithe menners Ty which heat is
removed zné terperature is comtrolled in the reactor. The go2l is to
avalnate their relative tachnical merits for prosrective aprlicztiion.
iz the Jollowing the resclis of the ceonomic opiimizatlon using the
internal neat removal system ars brieflr summerized. 3tudy of other
wwo srstens is now under way ancé 2 conprebensive rertort or this subject
s teine preszred.

The raactor for the internal 2eat remcval system consists of
rulti-tray fixed bed packed with 1/h-inch Harshor cztalysis. Some
exparimental dzta on Trezciion idretics and zotiwity for ihis cstalyst
zre reporied by L.Cef. Tor convenierce in regereration of cataiysts,

rrlii-tray with embedded hairpin fir tubes having egqual heat trzasier

area in each tray Is vsed. Jetzils of the desigrn of the sysier in-

cluding kinetic analysis and economic znzlysis %ill be given in

[\

cormrenensive regort and therefore will nct be discussed here. Iz

this study, only these wvariaztles that will zffect the ortimal design

of the process arc considered. The -calevlstion is based ox the plant
cazacity of 255 x 167 Btu/Day of ges havirg heating velue of approximstely

950 Btu/SCF.
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termediate
Low CO Feed G0 Teed Hizh £D Feed
Total Fin Tube
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Tray Support Cost
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TABLE IVa OPTIAUM RIACTOR RWHIRETTS TOR THRES
DIFFERENT FZI0S USING DOUTEIRY A COOLING

.

nzactor Diameter-

ba 6 S 7

Reacter Teight
ft 21 LC &0

Roactor 'folwr:e a
bk vB 554 1,130 2,300

Catalyst Yeisat
b 12,35¢ 18,420 23,810

Total Hest 2emoved

» Bte/ar 10 2%9¢ 602
Tomier of Trers ) 12 17

Pressure Droz
osi 63 125 305

Total Feat Transfer
Area of ©in Txtes
{3ase on Zare Ture)
a2 12,500 28,200 70,700

Total Fir Tobe
Toluze £t3 310 700 1,760
Progoetion Zate

Ibe.molesfor 28,9LC 28,%L0 28,340
Testins Value

Btn /SCF 950 =) 950
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OPTIMIZATION OF COAL GASIFICATION PROCESSES
PROGRESS REPORT NO. 11 OCTOBER 1967

to

Office of Coal Research
Contract No. 14-01-0001-497

Ootimization of methanation process is being continued.
Process analysis and economic evaluation of the gas purifi-
cation process, the shift reaction process, and the steam -
carbon reaction process are being conducted. The information
necessary for the analysis of these processes have been
evaluated. The sensitivity study is now near completion
and application to coal gasification processes is being
made.

f/JLM,

c. Y. l/bl. Project Director
1/




OPTIMIZATION OF COAL GASIFICATION PROCESSES
PROGRESS FEPORT NO. IDNOVEMBER 30, 1967

%o

Office of Coal Research
Contract No. 1L~03=0C01-~1:57

The theoretical study on the sensitivity arzlysis arné development
of a techique usefrl for optimization in coal gasificatiorn processes
a2re nod completed. 2 report ertitled "Sersitivity Lmalysis in Jptimmm
Process Design for Coal Gasifiication Processes™, Paper Yo. V is
enclosed. The technicue develored is now being used to anzlyze the
sercitivity oreblenms in methenation processes, prorification processes,
shift reaction processes, axd hydrogen production processes.

Optixdzztion oT methanatiorn rrocesses is now being completed.

& report is being prepared which will become available shortly.

Toe restlts indicate that the cold cuerch process to be much Superior
for intermediate CO ard hign CC coxtent feeds and orly slightly
superior for Jow CO feed. The recrcle process gives the most inferior
resclts, althoupk for low CO feeds, the ciffererce among the three
processes, heat extraction, cold quenching, and recycle, is small.

Models wseful for gas purification processes are being es=-
tablished for optimization. Information gatherirg arnd assizilation
are beizg cortimped. A chart indicating the rreogress of work for
optixizatior on coal gasification progresses is enclosed.

c. Y. Hen%wject Director
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OFTIMIZATION OF CGAL GASIFICATION PROCEZSSES
FROGIESS =0T NO. ]5 DEC=MEER 31, 1967

to

QZfice of Coal Research
Contract No. 2):-01-0001-457

& rerort of the optinizatior of methazrztion processes is
teing completed. The final dreft iIs row being tryped ard copies
wi1l be mades for distributior. The zas purificatior wrocesses
incladirg the hot carbonzte processes, X=ADZA processes are being
analrzed iz terns of mathematiczl models mseinl for optimization.
Jetailed trermodynamic znd kinetic &2tz 25 well as physical

nstents recessary for comrrier programming have teen assimilated.
ilso 2 Hretic studr on water gas snift reaction processes ard
carbor steam reaction processes in the fluidized bed are being
conducted. Information gztherirs and assimilation are bheing

cortirued.

C. —:zZ/ '-9/1’_2?//7;4

C. T. Yen, '4roject Divector
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